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In recent years, composites materials have been increasingly accepted as effective 
strengthening technique for civil engineering structures, particularly in the case of 
reinforced concrete. The reliability of this technique, when externally applied, depends 
on the long-term bond behavior between these materials and the masonry substrate, but 
research in this area is still very limited. 
The main purpose of this thesis is to create a basis for a general approach to 
durability of masonry components strengthened with composite materials. As far as the 
research method is concerned, a combined experimental and numerical approach has 
been chosen. Through systematic testing, fundamental knowledge is developed 
concerning the physical and mechanical properties of the basic materials and the 
strengthened components under environmental degradation. The strengthened 
specimens are subjected to different hygrothermal conditions including water 
immersion and cycles of temperature with constant relative humidity. Non-destructive 
investigation tests are made for both un-exposed and exposed specimens. Analysis of 
the interface behavior for different exposure conditions are carried out and the results 
are discussed. Predictive models are also used for simulating the observed degradation 
and the reliability of each model is investigated in comparison to experimental results. 
The numerical studies are conducted at two levels. Firstly, the bond behavior is 
modeled following detailed and simplified approaches. In the detailed approach, all 
material constituents with suitable constitutive laws are modeled. The model provides 
valuable information regarding less known aspects of bond behavior such as effect of 
mortar joints. In the simplified approach, the bond behavior is modeled using interface 
elements. A tri-linear bond-slip law is proposed based on the available experimental 
data and is used as the constitutive law for the interface elements. Both models are 
validated with experimental data. Secondly, the effect of local bond degradation on the 
global response of FRP-strengthened masonry panels is investigated. For the bond 
between FRP and masonry, the interface elements are used adopting the proposed bond-
slip law. Based on the experimental results produced in this study, a degradation model 
is proposed and used for the interface behavior. The nonlinear performance of the 
strengthened panels after ageing in different environmental conditions is investigated 
and discussed. 
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Nos últimos anos, os materiais compósitos têm sido cada vez mais aceites como uma 
técnica de reforço eficaz para estruturas de engenharia civil, particularmente em betão 
armado. A fiabilidade desta técnica, quando aplicada por colagem externa, depende do 
comportamento da aderência, a longo prazo entre esses materiais e o substrato de 
alvenaria, mas a investigação nesta área é ainda muito limitada. 
O principal objetivo deste trabalho é criar uma base para uma abordagem geral 
sobre a durabilidade dos componentes de alvenaria reforçados com materiais 
compósitos, recorrendo a uma abordagem experimental e numérica. Através de ensaios 
desenvolve-se conhecimento fundamental sobre as propriedades físicas e mecânicas dos 
materiais, e sobre os componentes reforçados submetidos a degradação ambiental. Os 
provetes reforçados são submetidos a diferentes condições higrotérmicas, incluindo 
imersão em água e ciclos de temperatura com humidade relativa constante. Ensaios não 
destrutivos são realizados sobre provetes não-expostos e expostos. O comportamento de 
interface para diferentes condições de exposição é discutido. Modelos de previsão são 
também utilizadas para simular a degradação observada e a fiabilidade de cada modelo 
é investigada em comparação com os resultados experimentais. 
Os estudos numéricos são conduzidos a dois níveis. Primeiro, o comportamento 
da aderência é modelado seguindo abordagens detalhadas e simplificadas. Na 
abordagem detalhada todos os componentes materiais com leis constitutivas adequadas 
são modelados. O modelo fornece informações sobre aspetos menos conhecidos da 
aderência, como o comportamento das juntas de argamassa. Na abordagem 
simplificada, o comportamento da aderência é modelado usando elementos da interface. 
Uma lei trilinear de comportamento do tipo bond-slip é proposta com base nos dados 
experimentais para elementos de interface. Ambos os modelos são validados com dados 
experimentais. Em segundo lugar, os efeitos locais de degradação da aderência sobre a 
resposta global dos painéis reforçados de alvenaria são investigados. Para a aderência 
entre FRP e alvenaria utilizam-se elementos da interface, adotando-se a lei de 
comportamento proposta. Com base nos resultados experimentais produzidos neste 
estudo, propõe-se um modelo de degradação que se utiliza o comportamento da 
interface. O desempenho não linear de painéis reforçados, após envelhecimento em 
diferentes condições ambientais, é investigado e discutido. 
Palavras-chave: Durabilidade, alvenaria, materiais compósitos, aderência, 
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Seismic assessment and strengthening of historical masonry structures has always been a challenge 
for engineers due to their unknown and complex behavior. The variations of masonry structures and 
materials have made this challenge more complicated. Although several techniques have been 
proposed and used for strengthening of these structures, the choice of a suitable material and 
strengthening technique is still a critical issue.  
Modern composite materials such as fiber reinforced polymers (FRPs) have been accepted 
as effective strengthening materials for civil engineering structures, particularly in reinforced 
concrete. FRPs provide several advantages such as high mechanical properties, light weight and 
ease of application which have made them interesting for strengthening purposes. FRPs have also 
received an extensive attention in the last decades for externally strengthening of masonry 
structures. 
In external strengthening techniques, the efficacy and reliability of the strengthening 
strongly depend on the short- and long-term behavior of bond between the composite material and 
the substrate. Investigation into the long-term bond behavior under service conditions is a key issue 
since service failures due to inaccurate assessment of bond response may result in costly repair or 
premature component’ replacement. In this regard, it is worth noting that modern guidelines (CNR-
DT 200/2004 [1] or ACI 440.7R-10 [2]) prescribe that FRP-based strengthening should meet 
requirements concerning the ultimate limit state (ULS), and additionally the service limit state 
(SLS). Hence, some reduction factors, which are not verified with experimental results, are 
proposed to account for the durability. 
The durability of FRP composites or masonry itself due to environmental effects has been 
the subject of much interest for the last 30 years. Relevant degradation agents that can affect the 
durability or long-term in service behavior of FRP or masonry include cycles of temperature and/or 
moisture, UV radiation, carbon dioxide or alkaline environment. The behavior of the FRP matrices 
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alone is complex and their interaction with a variety of fiber types and configurations can increase 
this complexity. The interactions are time-dependent over years, and so FRP composites, masonry 
and FRP-strengthened masonry components often have properties that vary during their lifespan. In 
particular, the mechanical properties of FRP and masonry may decline considerably with time. The 
mechanisms responsible in FRP occur at the micro-structural level, normally at the fiber-matrix 
interface and inside the matrix. Moreover, service behavior of wet lay-up applications is frequently 
different for each fiber-matrix combination, especially as novel matrices are combined with a range 
of fibers such as biocomposites of flax and hemp, glass, basalt or steel fibers. Some fiber-matrix 
combinations are particularly prone to certain degradation mechanisms, while the dominant 
degradation mechanisms in other fibers are still the subject of research and debate.  
FRP durability studies have been generally performed for high specific value applications 
(e.g. aerospace or military), and thus based on a short-life, strict quality control and monitoring and 
effective maintenance paradigm. This is in stark contrast to composite materials normally used in 
low specific value applications in civil engineering, where this philosophy does not apply.  
Analysis of in service long-term behavior of FRP-masonry components involves laboratory 
and field testing, accelerated ageing and advanced computational modeling, but research in this area 
is still very scarce ([3]). Only limited studies have been conducted on durability of FRP externally 
applied to masonry ([4-6]). Available laboratory-based results on FRP composites need therefore to 
be supported by materials characterization and experimental activity on FRP-masonry components 
(Karbhari et al. [7], ASTM E632 [8]) in view of: (i) understanding the effects of critical degradation 
agents on the bond in regard to the serviceability state; (ii) assessing the bond behavior with the aim 
of accelerated ageing tests and (iii) developing feasible computational models capable to simulate 
degradation mechanisms and damage from accelerated ageing.  
It is observed that standardized durability test procedures based on accelerated ageing 
methods are available in literature for masonry or FRP alone ([9-12]). As recognized in several 
research works, however, the real environmental conditions cannot be accurately simulated or 
reproduced by laboratory-based accelerated tests. Moreover, these environmental conditions may 
affect the mechanical, physical, or chemical properties of some materials while they might not 
change the properties of other ones. However, accelerated ageing tests represent the most common 
method to enhance durability of building materials. As for masonry systems, the test methods 
consist of applying repeated wet-dry cycles, thermal cycles and salt crystallization, while for FRP 
the methods deal with wet-dry cycle exposure, thermal cycles, UV or alkali exposure.  
On the contrary, experimental methods to assess the long-term durability behavior of 
masonry reinforced with composite materials still lack standardization. Among the critical aspects 
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in this field that need to be elucidated are: (i) the degradation mechanisms of bond in FRP-masonry 
systems; (ii) the effect of the synergistic action of two or more degradation agents; (iii) the 
correlation between accelerated ageing and in-service environmental conditions; (iv) bond quality 
assessment techniques for structural health monitoring purposes and (iii) predictive models for 
simulation of long-term behavior. 
Reliable numerical models and computational strategies able to capture the degradation 
mechanisms of bond due to environmental conditions are deemed. In this regard it is worth noting 
that predictive models for performance assessment of strengthened components in service 
conditions are still not well recognized. Moreover, few studies are available for the prediction of 
long-term durability of composites based on the coupled effects of different degradation 
mechanisms, see e.g. Martin et al. [13] and CIB W080 [14]. 
The main objective of this thesis is to investigate the degradation of bond in FRP-
strengthened masonry systems under hygrothermal conditions. Application of advance 
nondestructive techniques for bond quality assessment and development of refined numerical 
models for engineering purposes are also among the main goals. It is expected that the overall 
research work carried out in this study provide a comprehensive understanding of the effect of the 
cyclic ageing on debonding mechanisms, with first contribution on future professional guidelines 
for design and maintenance purposes. The detailed objectives of the work are as follows: 
 Build systematic knowledge for long-term behavior of bond between masonry and composite 
materials through an integrated experimental activity. Water immersion and three different 
accelerated hygrothermal exposure tests, representing dry, wet and cold regions will be 
performed. The tests will provide a baseline for further durability studies on FRP-strengthened 
masonry and give insight to the main degradation mechanisms and agents.  
 Develop a large ageing database of properties of masonry constituents and composite materials 
as well as of the bond behavior. Fundamental ageing characterization of basic materials, namely 
brick, epoxy resins and FRP coupons will be achieved. As for the composite materials, glass 
fibers will be used due to their lower cost and better stiffness compatibility with masonry. 
 Propose predictive models based on the obtained experimental results for modeling the long-
term behavior of materials and bond in the considered exposure conditions. The models can be 
used as input for numerical or analytical modeling approaches.  
 Application of advanced full-field measurement and nondestructive testing methods for bond 
characterization and quality assessment.  
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 Develop a fracture-based interface model for the strengthened specimens in which the 
mechanism of stress transfer across the bond-line is predicted from the experimental bond–slip 
relationships. The practice oriented model will include bond degradation mechanisms for 
different cyclic ageing, being its reliability and accuracy assessed by comparing with test data. 
 Engineering application of the proposed interface model will be performed. In particular, the 
effects of local materials and bond degradation on the global performance of masonry 
components strengthened with composite materials will be investigated. 
Based on the above mentioned objectives, the thesis outline is defined as shown in Figure 
1-1. The thesis is presented in nine chapters including this introduction. 
Chapter 2 provides a review of the available literature and current understandings about the 
subjects covered in this thesis. The bond mechanisms, available bond design models and numerical 
and experimental approaches adopted by different authors are primarily presented and discussed. 
This is followed by a discussion on environmental durability of bond and degradation mechanisms 
affecting its performance. After that, a review of available experimental and numerical studies on 
durability of bond and degradation predictive models is presented. 
Chapter 3 presents the outline of the experimental program and detailed explanation of the 
test methods. The chapter includes characterization of the mechanical properties of the materials, 
specimens preparation techniques, environmental exposures and post-ageing test methods. 
Chapter 4 and 5 present the results obtained from water immersion and hygrothermal 
exposure tests, respectively. The results include degradation data of mechanical properties of the 
materials and bond behavior. Durability predictive models are finally used for simulating the 
experimental degradation, which can be used as input for analytical and numerical modeling 
approaches. 
Chapter 6 presents the application of advanced full-field measurement and nondestructive 
testing techniques, adopted here, for debonding characterization and bond quality assessment. The 
techniques include Digital Image Correlation (DIC), Infrared Thermography (IR) and Acoustic 
Emission (AE). The principles of each technique as well as the test method and the obtained results 
are presented and discussed. 
Chapter 7 discusses numerical modeling of the bond behavior at detailed and simplified 
levels. The models are experimentally verified and advantages and disadvantages of each approach 
are analyzed. Based on the available experimental data, a simple bond-slip model is finally 
proposed and used for simplified numerical modeling approach. 
Chapter 8 presents the effect of local bond degradation on the global performance of FRP-
strengthened masonry components. The materials and bond degradation data are obtained from the 
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accelerated ageing tests and are used as the input for the numerical model. The performance of the 
strengthened components at the aged conditions are investigated and discussed.  
Finally chapter 9 concludes the achievements and research findings and presents the research needs 
for the future work to be followed. 
 
 
Figure 1-1: Thesis outline. 
 














2 Literature review on FRP-substrate bond 
As the bond behavior is a key mechanism in the effectiveness of Fiber Reinforced Polymer (FRP) 
strengthened systems, a clear understanding of aspects such as durability and long-term 
performance is critical for structural design and service life prediction. It is well known that the 
bond behavior, and corresponding durability, is affected by different factors including the 
environmental condition, the composite material, the substrate, the interfacial adhesion and the 
surface preparation. Although durability of FRP composites and structural adhesives has been the 
subject of considerable research in the past years, the long-term durability of strengthened elements 
still requires attention, especially when innovative fiber-matrix combinations are used. Moreover, 
the available data on FRP composites and adhesives are scarce and sometimes not conclusive due to 
the variability of the used materials and adopted test methods. The lack of standard procedures for 
performing accelerated ageing tests has resulted in a large variety of test procedures adopted by 
different researchers. On the other hand, well established and reliable predictive models able to 
correlate accelerated ageing and in-service weathering are still missing.  
This chapter presents a critical review on different aspects related to the durability of bond, 
addressing the following aspects: (i) the mechanisms involved in bond behavior; (ii) experimental 
and numerical studies related to the bond behavior in FRP-strengthened masonry elements; (iii) 
durability of bond and environmental degradation mechanisms; (iv) experimental and numerical 
studies on accelerated hygrothermal testing of FRP-strengthened elements; (v) durability prediction 
models;.(vi) nondestructive methods for bond durability assessment. 
 
2.1 Bond behavior 
The effectiveness of composite materials as an external strengthening technique is intrinsically 
dependent on the bond performance between the FRP and the masonry substrate. Any failure in the 
bond interface can lead to deterioration of composite action and result in a premature debonding 
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failure. The response of FRP-strengthened components has been extensively studied both 
analytically and experimentally with an emphasis on overall strengthening, ductility, and failure. 
However, detailed understanding of aspects such as failure initiation, interface bond mechanisms, 
and constituent property effects on local phenomena, still needs to be achieved.  
 
2.1.1 Bond mechanics 
The bond behavior between FRP composites and masonry and/or concrete substrates depends on 
many factors including the substrate strength, surface preparation, FRP mechanical properties 
(mainly stiffness), the FRP bonded length and FRP width. The bond between two materials can be 
due to any of the following six adhesion mechanisms [15-17]: adsorption, mechanical interlocking, 
diffusion, electrostatic, weak boundary layer theory and chemical bonding theory. The adsorption 
and mechanical interlocking theories are the main adhesion mechanisms in bonded systems (e.g. 
bonded joints or FRP-bonded concrete and masonry) [18], and will be explained briefly hereafter. 
The adsorption theory, also known as the thermodynamic theory, applies to the adhesion 
resulted from the intermolecular forces between two materials which involves the surface energies 
developed between the atoms of the two surfaces. These forces between adhesive and substrate 
include: (a) Secondary bonds; (b) Van der Waals forces; (c) Hydrogen bonds; (d) Primary bonds; 
(e) Covalent; (f) Ionic; (g) Metallic and (h) Donor acceptor interactions which are intermediate 
between secondary and primary bonds. It has been experimentally observed that the secondary 
bonds are the main adhesion mechanisms in many adhesive joints [18]. The mechanical interlocking 
considers the adhesion as the result of mechanical interlocking between the adhesive penetrated into 
the pores of the substrate and the substrate’s superficial surface. Therefore, it is related to the 
roughness of the substrate surface and the friction between the adhesive and the substrate. 
When FRP passes across a crack on the substrate, the tensile stresses resulting from shear 
cracking must be transferred to the substrate. Before cracking the substrate, perfect bond between 
FRP and substrate is typically assumed [19]. When the substrate cracks and the load increases, there 
is a load level at which the shear stress at the crack tip reaches a peak and begins to decrease 
afterwards. This is followed by increment of the shear stress at the region adjacent of the crack tip. 
The decrease of the shear stress is the sign of crack progress in that region, while the increment of 
shear stress at the adjacent region shows that the stresses are being transferred there [20, 21]. This 
phenomenon, called delamination, progresses until the complete FRP debonding. 
The bond behavior is usually evaluated based on the bond strength, strain profiles along the 
bonded length, local bond-slip laws and effective bond transfer length. Since the tensile strength of 
FRPs is relatively large, the bond strength is usually limited by the substrate shear strength or the 
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adhesion strength between the FRP and the substrate. It has been observed that the bond strength 
increases with increasing the bonded length. However, there is a length limit, called effective bond 
length, after which the bond strength does not increase. The specimens with long bonded lengths 
(longer than the effective bond length) show progressive delamination. During this progressive 
debonding, the shear stresses are shifted away across the bonded regions. The effective bonded 
length is related to the specimen’s geometry, FRP width and FRP stiffness [20, 21]. 
The bond strength increases with increasing substrate strength. If the failure occurs in the 
substrate, the bond strength is proportional to the square root of the substrate compressive strength 
[22]. Some researchers even proposed that, in case of concrete structures, since the bond failure 
occurs inside the concrete, the bond strength is independent from the type of FRP and proportional 
to the 2/3 power of the substrate compressive strength [23].  
The substrate surface properties also affect the bond strength. It has been reported that 
sandblasting, grinding and mechanical abrasion improve the bond strength until a limited level [22, 
24]. This increase is due to the improvement of the mechanical interlocking between the composite 
material and substrate. Mechanical anchorage has also been approved to be an effective solution in 
improving the bond strength [25]. 
 
2.1.2 Experimental characterization 
While considerable experimental and numerical researches have been performed for investigating 
the bond between FRP reinforcement and concrete elements, see e.g. [21, 22, 26-33], only few 
works can be found devoted to investigating the bond between FRP and masonry supports, see e.g. 
[34, 35]. 
Diverse test set-ups, with different advantages and disadvantages, have been developed and 
used for characterizing the bond behavior in FRP-concrete systems [36-38], see Figure 2-1. In case 
of FRP-masonry systems, due to the lack of a standard test method, the same test setups have been 
usually used. Nevertheless, some efforts have also been made for development of new test setups 
specifically for FRP-masonry systems to fulfill the required needs in testing this material, see e.g. 
[39]. Fedele and Milani [39] proposed new test setups in a recent study for investigating the bond in 
FRP-masonry elements, see Figure 2-2.  
Momayez et al. [40] and Aiello and Leone [41] showed that the results obtained from 
different test set-ups may exhibit significant variation. Therefore, the selection of a suitable test set-
up is of paramount importance to capture the critical aspects related to interfacial mechanics, as 
well as failure initiation and propagation. A comparison between the results obtained from different 
set-ups shows that the double-lap shear test, Figure 2-1(a, b), provides lower debonding values with 
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respect to single-lap shear tests, Figure 2-1(c, d) [42]. This can be explained by the unavoidable 
asymmetry of the specimen due to both load eccentricity and surface imperfections before bonding, 
with failure initiating on one side of the specimen. On the contrary, beam tests initially proposed for 
FRP sheets bonded to concrete [43], usually give higher values of bonding strength. In this case in 
fact, due to deflection of the concrete support (beam) during the load application, the FRP bonded 
length is subjected to a compression stress state orthogonal to the interface plane, which may 
increase the bond strength significantly. For these reasons, single-lap shear set-ups are considered 
the most reliable configurations for FRP–concrete debonding investigations [30, 41]. A well-
recognized drawback of classical single-shear tests is that, due to the asymmetrical configuration, a 
significant amount of strain energy is stored in the specimen during loading. Hence, when 
debonding initiates, a remarkable energy release occurs. Debonding progress is then very brittle and 
cannot be experimentally followed even by conducting the test under displacement control [30]. 
 
 
Figure 2-1: Test set-up for FRP-concrete bond characterization [37]. 
 




Figure 2-2: Shear bond tests used by Fedele and Milani [39]. 
 
An important issue in the experimental characterization of the bond behavior is the accurate 
measurement of the strains (or shear stresses) developed in the FRP and the slip of the FRP from 
the substrate. The strain development during the debonding tests is commonly monitored with strain 
gauges, while LVDTs are used for measuring the FRP slip. It is important however to ensure that 
the readings do not contain contributions from other sources such as support movements or 
deformations of the specimen [44]. Moreover, the measurements obtained with these techniques are 
discrete and limited to the location of the instrument. Therefore, the use of a full-field measurement 
technique, such as Digital Image Correlation (DIC), seems to be valuable in overcoming the 
mentioned problems and also in better understanding the unknown aspects of the bond behavior. 
These methods have been widely used for measurement of displacements or strains in different 
fields of solid mechanics [45-47]. However, only a few studies can be found using these techniques 
for investigating the interfacial bond behavior, see e.g. [48, 49]. 
The investigations performed on the bond behavior in FRP-masonry systems include 
experimental tests on different FRP composites bonded to new and old clay bricks [34, 50-54], 
stones mainly Naples tuff and Leccese limestone [54-57] and masonry prisms [35, 48, 58-60]. 
Depending on the substrate material, different failure modes have been observed and reported. 
For clay brick masonry, some studies focused on the bond behavior between composite 
materials and new clay bricks [34, 50, 54, 57, 61]. Meanwhile, other researchers focused on this 
problem when old bricks are used [54, 57]. Briccoli Bati et al. [61] performed bond tests on 222 
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CFRP strengthened-brick specimens made of new clay bricks. Different bond lengths and FRP 
widths were considered in the specimens’ configurations. The results had a clear dependence on the 
bond length and FRP width and also the test configuration, as also reported in [62, 63]. Valluzzi et 
al. [64] presented the results of 280 tests on new clay bricks strengthened with different composite 
materials. The tests included single-lap and double-lap shear tests performed in different 
laboratories. Valuable information in the failure modes and debonding forces was obtained and 
reported. A comparison between the bond behavior in old and new clay bricks was made by Grande 
et al. [65]. They observed that the bond behavior between Steel Reinforced Polymers (SRPs) and 
old clay bricks is not satisfactory in cases in which the bricks have macro-irregularities. On the 
contrary, the bricks with weak surfaces but high porosity can guarantee a good adhesion, even if 
they have a low bond strength. 
In case of stone substrates, detachment of the FRP sheet with a thin layer of stone from the 
Leccese stone substrate was reported. In contrary, the failure in Naples tuff specimens was crushing 
a think stone layer [56]. As a consequence of the mechanical properties of the substrate, higher 
debonding loads were observed in the Leccese stone specimens. A summary of some available data 
on the bond strength of FRP-strengthened masonry is presented in Figure 2-3. 
 
 
Figure 2-3: Some available data in literature on bond in FRP-masonry, taken from [53]. 
 
2.1.3 Numerical modeling 
Numerical approaches for simulating the bond behavior usually follow one of the two main 
procedures namely detailed (meso-scale) modeling and simplified modeling [27]. A brief 
explanation of each approach together with relevant available literature are presented and discussed 
in this section. 
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In the detailed modeling approaches [66-68], the debonding phenomenon is directly 
simulated by modeling the cracking and failure of all the material constituents at a meso-scale level. 
All the materials (FRP, adhesive and substrate) are modeled in this approach usually with the 
assumption of perfect bond at the FRP/adhesive and adhesive/substrate interface. The advantage of 
this approach is that appropriate material constitutive laws are to be used. Moreover it provides a 
framework for investigating the local stresses and failure mechanisms which usually encompass the 
debonding phenomenon [39]. However, the role of the interfaces whose properties may be 
susceptible to environmental conditions (such as temperature and humidity changes) is not 
considered. Physical and mechanical characterization of the concrete or masonry layer near the 
epoxy resin layer is also important for a proper modeling. An advantage of this approach is that the 
complex stress conditions and interaction of cracks observed in real structural systems can be 
simulated. But as a disadvantage, this approach requires many parameters related to the constituent 
properties (pertaining to substrate, adhesive, and FRP), which affects its application in engineering 
usage and poses questions about the availability and selection of relevant data. Most of the available 
information in modeling the bond behavior following this approach is for FRP-concrete elements 
and only few investigations can be found for FRP-masonry. Usually, a two-dimensional modeling 
approach is used, e.g. [27, 39, 69], and only a few three-dimensional models can be found [70, 71]. 
Probably the only three-dimensional nonlinear modeling approach used for externally bonded FRP-
strengthened masonry is presented by Fedele and Milani [9-10]. In this case, a damage model was 
used for representing the failure and damage propagation in masonry prisms. 
In the simplified approach, the bond behavior is modeled by using a zero thickness interface 
element between FRP and substrate [66, 72, 73]. Within this approach the nonlinearities are usually 
concentrated at the FRP–substrate interface, while FRP and substrate are characterized by an elastic 
behavior. This approach is attractive, in principle, since it can potentially capture the critical aspects 
related to interfacial mechanics and bond failure initiation and propagation by using suitable 
interface (bond-slip) laws. Bond-slip laws are generally provided by relevant standards (e.g. CNR 
DT 200 [1]) or can be experimentally obtained on the basis of simple shear bond tests, see e.g. [53]. 
These models are not truly predictive, although they may be used to assess the experimental 
interfacial behavior [27, 39]. Moreover, they are unable to provide information on three-
dimensional aspects of the debonding mechanism. The critical aspects that still need to be 
elucidated include the accurate prediction of strain distribution (local level) and force-slip evolution 
(global level), especially when the structural response becomes nonlinear. Again, little information 
in the literature can be found on the use of this approach for FRP-masonry systems. Panizza et al. 
[63], after calibrating the interface fracture with experimental results, proposed a simple bond-slip 
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law for modeling purposes. Grande et al. [53] used a three-dimensional finite element model with 
interface elements representing the bond behavior for simulating the single-lap shear bond tests. 
Based on the experimental results obtained, they adopted the bond-slip model proposed by Nakaba 
et al. [26] and Monti et al. [74] for the numerical simulation. In another study Grande et al. [75] 
proposed a bilinear interface model for simulating the bond behavior in FRP-masonry elements.  
 
2.1.4 Prediction models for bond behavior 
Development of analytical and predictive models for estimating the bond strength and related 
aspects of the bond behavior has been the subject of many research studies (again mostly on FRP-
concrete elements). The models can be generally categorized into: (a) strength based models; (b) 
models based on linear elastic fracture mechanics (LEFM); (c) models based on nonlinear fracture 
mechanics (NLFM). Strength based models, although having the stress singularity problems, were 
used preliminary for developing simple theoretical models, see e.g. [76]. The, LEFM methods were 
therefore developed to overcome the singularity problem with the main aim of obtaining the 
debonding energy release rate. These models, mainly used for analysis of FRP-concrete elements, 
include a wide range of studies based on high order beam theories [77], cracking in the interfacial 
region of brittle substrates [78], semi-infinite interface crack between two elastic layers [79], tri-
layer fracture models [80] and others. Using NLFM with the aim of nonlinear stress deformation 
laws has become more popular in the recent years and several publications can be found devoted to 
this area [73, 81]. The cohesive zone model (CZM) has also been used for analysis of crack 
propagation and has been found useful for large-scale fracture processing zones [82, 83]. 
The proposed models for bond strength prediction are generally similar with small 
differences in relations. Holzenkämpfer [84] proposed the following known model for estimating 
the maximum bond capacity: 
FRPFRPcFRP tEGbP 2          (2.1) 
where bFRP is the FRP width, Gc is the interface fracture energy and EFRPtFRP is the FRP stiffness. 
The interface fracture energy has been estimated as [85]: 
tfc fcG             (2.2) 
where ft is the concrete tensile strength and cf is experimentally obtained equal to 0.204. Monti et al. 
[74] obtained Eq. (2.3) for the ultimate bond load based on a FEA parametric study and 
experimental results, (similar to Eq. 2.1). 
3/max FRPFRPFRP tEbP           (2.3) 
where β=1 for L≥Le and β=sin(πL/2 Le) for L< Le. The effective bond length, Le, is defined as: 







L            (2.4) 












          (2.6) 
where bc is the concrete width. Here kb accounts for the effect of FRP width to concrete ratio. 
Taljsten [86], considering a three-layer model with a crack in the adhesive layer, proposed the 












            (2.8) 
where Ectc is the concrete prism stiffness and Gc is the adhesive fracture energy. In another study, 
based on nonlinear interfacial laws, Wu et al. [73] proposed the same relation as Eq. (2.7). 





           (2.9) 
Chen and Teng [36] proposed a simple relation for calculating the ultimate bond capacity: 
cFRPelw fbLP 427.0          (2.10) 
where fc is the cylinder compressive strength of concrete (in MPa), and the other parameters are 






































         (2.13) 
Grande et al. [75] proposed the bond strength in FRP-masonry elements based on the Rankine-von 
Mises yield criterion as: 
)2,3/2min(max tc ff          (2.14) 
16 | Durability analysis of bond between composite materials and masonry substrates 
 
 
CNR DT200 [1] proposes that the interfacial fracture energy of the FRP-masonry elements can be 
obtained as: 
MtmMkf ffcG 1           (2.15) 
where c1 is an empirical coefficient which should be obtained experimentally or can be assumed to 
be equal to 0.015. fMk is the characteristic compressive strength of masonry, and fMtm is the average 
masonry tensile strength. The characteristic compressive strength can be evaluated according to the 
Eurocode 6 [29], Eq. (2.2), and the masonry average tensile strength can be assumed to be equal to 
10% of the characteristic compressive strength according to CNR DT200 [26]. Another approach 
for obtaining the characteristic values is multiplying the mean values by 1/0.7, which is followed in 
this study for obtaining the characteristic compressive strength of masonry bricks.  
3.07.0
cmcbMk fKff            (2.16) 
where K is assumed to be equal to 0.55, and fcb and fcm are the compressive strengths of brick and 
mortar, respectively. 
Indicating that the fracture energy obtained by the CNR DT200 equation, Eq.(2.15), 
underestimates the fracture energy of FRP-masonry elements, Faella et al. [54] proposed the 








           (2.17) 
where fcb is the masonry compressive strength and α and b are experimentally fitted parameters 
obtained equal to 1.874 and 21.134, respectively, for the database they used. 
 
2.2 Durability and degradation mechanisms 
Durability is defined as “the ability of the materials or structures to resist cracking, oxidation, 
chemical degradation, wear, and/or the effects or foreign object damage for a specified period of 
time, under the appropriate load conditions, under specified environmental conditions” [7]. The 
performance of the structure through its service life is therefore highly dependent on durability of 
its components and materials against the existing degradation agents. The parameters that affect the 
durability of structural components include (but not limited to) the choice of constituent materials, 
the design method, curing and installation quality, maintenance quality and environmental exposure 
conditions [87].  
It is well known that the environmental conditions can affect the material properties. 
However, the type and rate of degradation varies with material, environmental condition and 
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exposure period [88]. The process of change in properties over time is called ageing or degradation. 
Ageing may be categorized by three primary mechanisms: chemical, physical and mechanical. 
Depending on the material characteristics and ageing environment, these mechanisms may have 
interaction with each other or may have additive or subtractive effect on the material performance 
[89]. Physical ageing (such as swelling due to moisture absorption) is usually associated to 
reversible changes of the material properties, while chemical ageing mainly involves irreversible 
changes which usually occur after long exposure periods. Mechanical ageing concerns the 
degradation of materials under mechanical stresses such as creep. Ageing has an important 
influence on the durability and serviceability of the materials and therefore understanding the active 
ageing mechanisms is of critical importance for long-term performance assessment.  
The environmental degradation agents that likely affect the structural materials or 
components consist of temperature fluctuations (including temperature and freeze-thaw cycles), 
moisture, UV, alkaline or carbon dioxide exposure [3]. Each of these degradation agents may be of 
interest for a certain material, while might not produce any degradation in other ones. A survey in 
the literature shows that the long-term behavior of bond in FRP-strengthened elements change with 
exposure to moisture, temperature, chemical reactions, erosion, fatigue, etc. [3]. The coupled effect 
of temperature and moisture exposure, called hygrothermal exposure, appears to be of relevant 
interest for FRP-masonry strengthened components and is the main interest of this thesis.  
Several studies focused on the effects of temperature and humidity variations on the bond 
behavior in FRP-strengthened concrete elements, but the available information on FRP-masonry 
elements is rare. However, even in case of FRP-strengthened concrete elements, the available data 
are sparse and the degradation mechanisms are not well identified. Moreover, the changes and 
degradation mechanisms in the bond behavior due to exposure to hygrothermal conditions are 
almost unknown. It is known that the temperature and moisture exposures may affect the properties 
of epoxy resins, FRPs, and the FRP/substrate interface but these effects are not well recognized and 
classified yet.  
This section aims at providing a summary of the active degrading mechanisms involved in 
deterioration of bond under moisture and temperature conditions. 
 
2.2.1 Moisture effects 
Although many studies can be found on the effects of moisture on epoxy resins and FRP 
composites, the main degradation mechanisms including reversible and irreversible changes are still 
not well understood [88].  
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It is known that epoxy resins and FRP composites absorb water with exposure to humid 
conditions [88]. The water absorption is increased by formation of cracks and openings in the 
matrix, and can make changes in the polymer structure such as hydrolysis, plasticization, 
saponification, swelling, decrement of free surface energy and increment of free volume [88, 90, 
91]. The main effect of the plasticization is decreasing the glass transition temperature, Tg, [90, 92, 
93], and mechanical properties of the epoxy resin [94]. This is due to the interruption of Van der 
Waals bonds between the polymer chains which also leads to increase in the effective free volumes 
in the resin system [95]. The decrease of Tg as a consequence of immersion in water is a physical 
change that can be partially reversed upon drying, but it depends highly on the exposure time and 
also the moisture concentration level [88, 96]. This effect is of particular concern for cold-curing 
epoxy resins, whose glass transition temperatures are typically not much higher than the service 
temperature. Long-term exposure to moisture can cause irreversible changes in the polymer 
structure such as hydrolysis and micro-cracking. As stated before, micro-cracking contributes in 
further water absorption and mechanical degradation beyond the equilibrium state in the un-cracked 
polymer. 
The chemical composition appears to influence both the solubility of water in the resin as 
well as its susceptibility towards hydrolysis. Therefore, a wide range of water diffusion and 
equilibrium contents has been reported in the literature. While the latter explains the rate of water 
diffusion in the polymer structure, the former indicates the extent of swelling stress. With increase 
in the equilibrium moisture content, the swelling stress increases resulting in higher hydrolysis and 
in the possibility of micro-cracking [97]. 
Moisture exposure may cause degradation in glass and aramid fibers [97]. The chemical 
reactions between water and glass fiber lead to degradation and formation of flaws at the glass fiber 
surface and consequently significant reduction of mechanical strength. Significant leaching and 
pitting may also occur in glass fibers when it is in direct contact with basic solutions. Moreover, 
moisture attack can accelerate the rate of crack growth in glass fibers [97] On the contrary, carbon 
fibers are generally resistant to moisture attack [88].  
The mechanical properties of FRP composites are generally less sensitive to hygrothermal 
ageing when compared with those of resins because of the presence and influence of fibers [88]. 
Since the fibers are protected with epoxy resin, no degradation is expected due to the water attack. 
However, the presence of voids and non-uniformities in the specimens prepared following the wet 
lay-up procedure increases the vulnerability of the composite materials to moisture uptake [98]. On 
the other hand, plasticization of the matrix due to water uptake may result in mechanical 
degradation of the composite material. As a consequence of fibers, matrix, and interface 
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degradation due to moisture exposure, substantial reductions have been reported in longitudinal 
([99]) and transverse tensile strength ([100]), compressive strength ([101]) and flexural strength 
([102]) of FRP composites. The moisture can also penetrate along the fiber-matrix interface causing 
damages in the fiber-matrix bond [91, 103]. However, the degradation in the FRP composites 
depends on the size of molecules of the degrading agent and its chemical interactions with the 
matrix. On the other hand, polymerization and curing of epoxy resins take place over an extended 
period of time and can be accelerated due to moisture uptake resulting in an initial increase in the 
performance of the composite material [104]. This post-curing behavior can offset the degrading 
effect of water attack. 
Water can also react with brick components (dissolving effect of water) resulting in 
reduction of mechanical properties of clay bricks. Excess lime gets hydrated and swells, which may 
affect the mechanical strength of the bricks [105]. Insufficient firing temperature in clay bricks can 
lead to a low degree of vitrification and a high moisture expansion coefficient [106]. The degree of 
vitrification is defined as the amount of glass formed in the brick during firing. The water can react 
with the remaining clay inside the brick resulting in micro-cracking, expansion and, consequently, 
strength degradation. 
At the FRP-substrate interface, the decrease in Tg of the adhesive results in deterioration of 
the bond independently of the substrate [107, 108]. Degradation of bond up to 40-50 % has been 
reported under wet environment usually attributed to the high degree of plasticization of the resin 
and additional breakage of interfacial bonds [90, 109-114].  
Gledhill et al. [115] distinguished three stages in degradation of adhesive joints (steel joints 
with epoxy resin adhesive) attacked by water, as follows: 
1. Accumulation of a critical concentration of water in the interfacial region. The critical water 
concentration level depends on the epoxy adhesive type. The rate of attaining this critical 
water concentration is governed by the water diffusion rate through the adhesive to the 
interfacial regions. However, in some cases the rate of environmental attack may be 
governed by water diffusion rate through the substrate (in case of porous substrates such as 
brick) or other active mechanisms. 
2. Loss of integrity in the interfacial regions. Generally, the general mechanisms involved in 
this phenomenon can be [116]: the rupture of interfacial secondary bonds; the rupture of 
interfacial primary bonds; the hydration and weakening of the oxide layer on metallic 
substrates; the hydrolytic attack on a boundary layer of adhesive adjacent to the interface. 
This boundary layer may have a different chemical/physical structure to that of the bulk 
adhesive due to the presence of the adjacent substrate surface; the hydrolysis of the primary 
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bonds of the primer leading to a cohesive failure though the primer layer. These mechanisms 
are often followed by adhesive plasticization (and maybe substrate), but this do not always 
lead to joint degradation and in some cases has a reverse effect. 
3. Ultimate failure of the joint. However, fully weakening of the interfacial region is not 
usually necessary for severe degradation of the joint strength. From basic fracture mechanics 
consideration, only a relatively small environmental crack may lead to a large decrement of 
time to failure depending on the loading conditions and specimens’ geometry. 
The measurement of the critical water content is a complicated task which requires performing 
comprehensive experimental tests. It has been found that the presence of this critical level can be 
due to the following facts [116]: (a) the hydration of salts in the adhesive and at the interface limits 
the available water molecules for attacking the interfacial regions unless the water concentration is 
more than the critical level; (b) water molecules are trapped or clustered until the critical water 
concentration level is reached. After that level, the water molecules condense on –OH groups of the 
polymer resulting in breaking the inter-chain hydrogen bonds and displacing adsorbed –OH groups 
from the surface of the substrate. 
It should be noted that Gledhill et al. [115] considered the simplest and most easily modeled 
mechanism of environmental attack (rupture of interfacial secondary bonds). Other attack 
mechanisms are not well investigated. The few available information on those mechanisms is just 
for simple adhesive systems and the available empirical modeling approaches have a limited range 
of applicability. 
Degradation of the bond due to presence of moisture can also be explained by principles of 
adhesion thermodynamics. Mechanical interlocking and adsorption theories are the major governing 
mechanisms in the bond between composite materials and substrates, as stated before. Mechanical 
interlocking is the interlocking of the penetrated epoxy resin into the substrate pores and 
irregularities. Adsorption describes the intermolecular forces at the interface. Intermolecular forces 
consist of primary (ionic and covalent) and secondary (van der Waals) forces, with the latter being 
the most important mechanism in adhesion. The work of adhesion of secondary forces is usually a 
positive value in the dry state showing the stable thermodynamic state of the interface. However, in 
the presence of water molecules at the interface, this value becomes negative resulting in driving 
forces at the interfacial region [117, 118]. The decrease of the free surface energy of the interface 
(and consequently the work of adhesion), decreases the bond fracture energy and may result in the 
change of failure mode into an interfacial debonding. Accumulation of water molecules at the 
interface can also cause osmotic pressure which may lead to local debonding. Ouyang and Wan 
[118] investigated the relation between this reduction of adsorption strength and interfacial relative 
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humidity and proposed a constitutive law for modeling the interfacial degradation based on the 
equilibrium relative humidity at the interface. Similar to the concept of the critical water level, they 
have reported that the degradation rate increases when the interfacial relative humidity is more than 
about 65%.  
Bowditch [119] categorized the moisture induced degradation mechanisms of bonded 
systems into three groups as presented in Figure 2-4. The lower curve represents the conditions in 
which there is only interfacial degradation in the system. In this case, the strength decreases until a 
residual value which occurs at the water solubility limit in the adhesive system. This residual value 
is explained by the fact that the quantity of water gaining access to the interface is less than the 
required water for complete adhesion loss. Ouyang and Wan [118] explained this residual strength 
in shear debonding case (mode II fracture) with the remaining interlocking actions between epoxy 
resin and substrate. 
The upper curve represents the case in which only plasticization of the adhesive occurs 
which is expected wherever the work of adhesion in the presence of water is positive. This 
condition can be found where the substrate has a low free surface energy such as FRPs. The initial 
increase in the joint strength is due to the relief of internal stresses. Again, the curve reaches a 
residual joint strength at the water solubility limit. 
The middle curve represents the cases in which both plasticization and interfacial attack 
occurs (this condition occurs in most of the real situations). Here, the weakening effect due to the 
interfacial attack is balanced with the plasticization effect. 
 
 
Figure 2-4: Typical degradation curves of joints due to moisture attack [119]. 
 
2.2.2 Temperature effects 
Thermal effects include the changes in the properties of the matrix due to temperatures above the 
curing temperature, freezing, and freeze-thaw conditions. It is well known that epoxy resins soften 
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over the glass transition temperature (Tg), leading to an increment of the viscoelastic response, 
reduction of the elastic mechanical characteristics, and de-ageing of the epoxy resin. Exposing the 
epoxy resins below their Tg, may result in an increase in susceptibility to moisture absorption and 
mechanical degradation and also post-curing phenomenon (if exposed temperature is above the 
curing temperature) [7, 88, 120, 121]. Freeze exposure on the other hand results in embrittlement of 
the resin while it increases the effective stiffness, matrix hardening, matrix micro-cracking, and 
fiber-matrix bond deterioration [88, 122, 123].  
The fibers are usually resistant to temperature (e.g. carbon fibers are resistant to temperature 
up to 600°C). Therefore, any degradation in composite materials due to exposure to temperature 
conditions is due to the degradation in the matrix or fiber/matrix interface. Thermal incompatibility 
problem in FRP composites and FRP-strengthened elements is an important issue to be considered 
when temperature cycles are investigated [88, 122, 123]. The thermal incompatibility is due to the 
considerable difference in thermal expansion between the fibers and polymer matrix, and/or 
between FRP and substrate. The majority of the epoxy resins used as matrices in FRPs have 
coefficients of thermal expansion in the range of 45 to 65 × 10
-6
 °C. Meanwhile, glass fibers used in 
most FRP systems have a coefficient of 5 × 10
-6
/°C and carbon fibers generally have a coefficient in 
the range of - 0.2 to 0.6 × 10
-6
 °C [124]. The thermal expansion coefficient of clay bricks is in order 
of 5×10
-6
/°C [125]. This large difference in expansion coefficients produces thermal stresses at the 
fiber/matrix and matrix/brick interfaces. The case is worse in carbon fibers since the fiber is 
anisotropic having a positive coefficient of thermal expansion in the transverse direction and a 
negative coefficient in the longitudinal direction, which usually results in debonding of the fibers 
from the surrounding matrix [98, 126, 127]. This is most often seen after thermal cycling, such as 
through repeated freeze-thaw exposures. As a results of thermal incompatibility, FRP debonding or 
severe degradation of the bond may be observed in FRP-strengthened elements [128]. 
On the other hand, exposure to high temperatures (still below the epoxy Tg) results in an 
increment of moisture diffusion coefficient and epoxy post-curing [129]. While the former lead to 
higher moisture uptake and consequently higher mechanical degradation, the latter can cause an 
improvement in the mechanical properties. 
 
2.3 Durability studies 
Several experimental and numerical modeling approaches have been adopted by researchers for 
investigating the durability of FRP-strengthened components. In case of experimental modeling, 
real exposure or accelerated ageing tests can be utilized. The real exposure tests take long time to be 
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completed, equal to expected service life of the material, but they can provide understanding of the 
real degradation phenomena. Accelerated tests are performed over a shorter time span, but the 
resulting degradation mechanisms should be then related to real exposure conditions. As already 
recognized in [3, 14, 88, 128, 130, 131], a substantial body of ‘real time’ weathering data is still 
lacking. 
Accelerated ageing tests have been widely used in material characterization in different 
fields of science such as civil engineering, aeronautic studies, and medical sciences. The concept of 
accelerated ageing tests is applied to avoid long-lasting experiments. The duration of the 
experiments reduces significantly if the tests are performed at increased stresses [132, 133]. Most of 
the durability tests involve accelerated ageing by using large stresses to accelerate the degradation 
process or in some cases by reduction of the element size and thickness [134, 135]. Accelerated 
testing programs, if properly designed and performed, can provide a sound basis for predicting the 
performance and for assisting in service life prediction. [136-143]. 
This section provides a review of available durability studies on concrete and masonry 
components strengthened with composite materials, with emphasis on thermal and moisture 
exposure conditions. Focus is on experimental and numerical works performed on FRP-concrete 
and FRP-masonry systems. 
 
2.3.1 Experimental tests 
The effect of environmental exposures on the bond behavior in FRP-concrete systems has been 
studied extensively in the last decades, while this subject for FRP-masonry systems has become into 
consideration only in the last few years. No agreement exist in the methodology for selecting the 
parameters of accelerated ageing tests such as number of cycles, the rate of cycles, and the 
temperature/humidity ranges. Also, the presence of arbitrary artificial weathering tests unrelated to 
the field conditions makes it impossible to correlate the durability of the materials indicated by 
accelerated tests and their performance in service.  
The number of cycles experienced by the materials is considerably influenced by geographic 
location. Some authors have tried to simulate the real condition of freeze-thaw cycles in different 
regions. Barnes [144] estimated that 2000 cycles was a conservative estimate for all temperature 
cycles in a worst-case scenario for 50-year building life for cycling from cold to warm using a 
rather large temperature range of 160°C. Lesko [145] reported that in average there is 30 freeze-
thaw cycles yearly in Virginia. Soudki and Green [146] used a total of 50 freeze-thaw cycles to 
simulate conditions in Canada, while Gomez and Castro [147] used 300 cycles to simulate the 
structure’s life. Karbhari et al. [148] used 201 cycles, each of 24 h to simulate 4-6 years of outdoor 
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exposure. In another study, Belarbi and Bae [149] used a combination of different thermal cycles to 
simulate the life time behavior of concrete columns. They assumed that 10 times repeating the full 
cycle results in prediction of 10 to 15 years life of the element. Myers et al. [150] also used a 
combined exposure test for studying the bond behavior in FRP-concrete systems. 
As the main interest of this research program is investigating the bond degradation due to 
thermal cycles coupled with humid environment, a brief review of these tests performed on FRP-
concrete and FRP-masonry systems is presented next. 
 
2.3.1.1 Moisture exposure 
Moisture condition is usually simulated by immersing the specimens in water or exposing them to 
wet-dry cycles. In some cases salt solutions are used instead of pure water to simulate the sea water 
conditions. The results show that moisture exposure may result in significant degradation of 
strength in FRP-strengthened concrete elements. 
Chajes et al. [151] showed a 36% and 19% decrease in ultimate strength for GFRP and 
CFRP bonded concrete specimens respectively that were subjected to 100 wet-dry cycles. Toutanji 
and Gomez [109] found a strength reduction up to 33% on specimens made of various epoxy and 
FRP systems after exposure to 300 wet-dry cycles, which is similar to the results obtained by 
Toutanji and Ortiz [152]. In a recent study, Huitao et al. [153] concluded that the flexural strength 
and stiffness of CFRP bonded concrete beams do not change significantly after exposure to 180 
wet-dry cycles (salt solution) but the failure mode may change. Karbhari and Zhao [154] observed 
40% reduction in bending capacity of the GFRP- and CFRP-strengthened beams after 120 days of 
exposure. Silva and Biscaia [112] observed increase in the flexural strength and bond fracture 
energy of GFRP-strengthened RC beams after immersion in water or exposure to salt fog cycles. 
The observed strength increment was attributed to the concrete post-curing during the tests. Leung 
et al. [155] considered four exposure conditions and showed that the moisture exposure can 
significantly affect the flexural capacity. Toutanji [156] reported that CFRP bonded concrete 
columns shows no significant reduction in strength or ductility after exposure to wet-dry cycles, but 
the strength of GFRP bonded specimens reduces significantly which is in line with the results 
obtained by Toutanji and Balaguru [157].  
Regarding the bond behavior, Dai and Yokota [158] used 0, 8, and 14 months of wet-dry 
cycles and observed 50% reduction of bond strength in CFRP-strengthened concrete beams. 
Karbhari et al. [159] studied the durability of FRP-concrete bond interface under different 
environmental conditions. The experimental results pointed that water absorption lead to 
degradation of the interfacial bond performance. Grace and Singh [111] tested 78 large-scale 
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strengthened RC beams using CFRP plates and fabrics and concluded that moisture affects the bond 
between FRP and concrete significantly. Wan et al. [160] found 85% reduction of interfacial energy 
release in CFRP bonded concrete specimens after 8 weeks of water immersion. Tuakta and 
Buyukozturk [161, 162] investigated the effect of variable moisture conditions on the fracture 
toughness of CFRP-bonded concrete specimens. Significant reduction of bond strength was during 
the first periods of water immersion (70% after 8 weeks), followed by a residual value until the end 
of the tests, was reported. Moreover, it was observed that the bond degradation is not regained upon 
drying during the wet-dry cycles. The failure mode of the specimens was also changed from 
cohesive to interfacial debonding with immersion time. Benzarti et al. [163] investigated the effect 
of surface preparation on the bond degradation of CFRP-strengthened concrete elements in 95% 
R.H. and 40°C conditions. Reduction of bond strength and changes in the failure mode was 
observed and reported. Cromwell et al. [164] did not observe any reduction in the bond strength of 
concrete specimens strengthened with CFRP and GFRP after 10000 h of water immersion. Silva et 
al. [165] exposed CFRP strengthened concrete elements to cyclic moisture conditions and reported 
improvement in the bond strength, while the fracture energy was decreased. 
As shown above, the testing procedures are rather different in terms of exposure and 
specimens, and the results are partly inconsistent. Still, the majority of the results indicate a 
significant loss in bond strength for FRP-strengthened concrete elements subjected to moisture 
exposure. Differently, the available information for FRP-strengthened masonry elements is very 
scarce. Aiello and Sciolti [5] and Briccoli Bati and Rotunno [4] reported significant reduction in 
bond strength of CFRP-bonded masonry specimens after exposure to different wet-dry cycles and 
durations. Briccoli Bati and Rotunno [4] also observed that the bond strength reached a residual 
value after the initial degradation. In a recent study, Sciolti et al. [166] reported 26% reduction of 
bond strength in CFRP-strengthened weak stones (calcernite) after 25 weeks of water immersion. 
The debonding behavior became more fragile with immersion time. The failure mode of the 
specimens was cohesive within a thin layer in all the specimens, and the effective bond length 
remained constant. 
 
2.3.1.2 Temperature exposure 
Chajes et al. [151] studied the effects of freeze-thaw and wet-dry cycles on RC beams reinforced 
with aramid fiber, E-glass fiber, and graphite fiber composites in the tension face of the beams. The 
freeze–thaw cycles involved immersing the samples in 4% CaCl2 for 16 h in a freezer at –17°C 
followed by 8 h of thawing at room temperature. The strength losses after 100 freeze–thaw cycles 
were observed to be 9%, 27% and 21% for the aramid, E-glass, and graphite fiber composite 
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strengthened beams, respectively. They also showed that wet–dry environment yields in more 
degradation of beams strength than freeze–thaw exposures. Another study has shown that the CFRP 
bonded concrete beams performed well up to 200 freeze-thaw cycles [167]. Silva and Biscaia [112] 
exposed the GFRP bonded concrete beams and blocks to freeze-thaw cycles between –10°C (12 h) 
to +10°C (12 h) for 1000, 5000, and 10000 h and tested them under flexural and pull out tests 
respectively after and before exposure. The results showed a 31% decrease in flexural strength and 
18% decrease in average bond stresses after exposure, and the failure started at the concrete 
substrate layer similar to unconditioned specimens. Karbhari and Zhao [154] reported 7.5% 
decrease in flexural failure load and a more brittle failure of CFRP- and GFRP-strengthened RC 
beams after exposure to 127 freeze-thaw cycles between –15.5°C (12 h) to +23°C (12 h). Arnsten 
and Pedersen [168] showed after 56 cycles of freeze-thaw exposure between –22°C (15 h) to +17°C 
(9 h) with relative humidity of 0 or 80% no significant degradation occurred in flexural strength of 
the strengthened beams. The decrease in ultimate strength of GFRP-strengthened beams after 
exposure is again reported in [169]. 
Other authors focused on the effect of environmental conditioning on the shear bond 
behavior of FRP bonded specimens. Freeze-thaw cycles have been found to reduce the bond shear 
strength and peak slip while the force-elongation diagram became nonlinear with a lower peak load 
[170]. Colombi et al. [171] studied the bond behavior of CFRP-concrete specimens after exposure 
to 100 and 200 freeze-thaw cycles between –18 to +4°C according to ASTM C666 [172]. They 
observed that the specimens are not substantially influenced by the duration of the treatment, and 
the effect of conditioning on the ultimate load is not significant is in opposition to the results 
obtained by Subramaniam et al. [173]. Subramaniam et al. [173] used 100, 200, and 300 cycles of 
freeze-thaw between –18°C to +5°C and obtained a 17% decrease in the ultimate load and 35% 
decrease in the interface fracture energy. Green et al. [174] also did not find significant reduction in 
the behavior of retrofitted beams after exposure to freeze-thaw cycles. Homam and Sheikh [175] 
used CFRP- and GFRP- bonded concrete specimens and exposed them to two different freeze-thaw 
cycles. In the exposure, the specimens were subjected to 50, 100, 200, and 300 cycles of –18°C to 
+4°C while the specimens were submerged in water, and in the second method, the specimens were 
subjected to 28, 56, 112, and 336 cycles between –20°C to +40°C with the rate of 4 cycles/day in a 
dry chamber. In the worst case a drop of 7% in strength of GFRP-bonded specimens after 336 
cycles of dry exposure was observed. Cromwell et al. [164] observed 6% and 4% of degradation in 
flexural strength of CFRP- and GFRP-strengthened beams after 360 cycles of freeze-thaw exposure. 
Yun and Wu [176] reported a reduction of bond stiffness, bond strength, fracture energy and 
maximum slip in the CFRP-concrete joints after exposure to freeze-thaw cycles. The effective bond 
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length was increased with exposure cycles and the failure mode remained cohesive in all the 
specimens. Silva et al. [165] reported a significant loss of bond strength and fracture energy in 
CFRP- and GFRP-strengthened concrete elements after exposure to freeze-thaw cycles. Myers et al. 
[150] used a combined exposure test to simulate the yearly environmental condition of US and 
observed degradation in bond strength. Gamage et al. [177] subjected CFRP-bonded concrete 
specimens to 1800, 2250 h of temperature cycles (4.5 h each cycle) between +20°C (1 h) to +50°C 
(1.25 h) while the specimens were loaded to different sustained loads varying between 0 to 50% of 
ultimate load.  
Again, the results for concrete are rather diverse and partly inconsistent. As for FRP-
masonry systems, Desiderio and Feo [6] exposed CFRP-bonded masonry specimens to 50 and 105 
freeze thaw cycles between –18°C and +30°C following ASTM C666 [172] standard. They 
observed a decrease in bond stress and ultimate load after exposure. The governing failure mode 
was also observed to change from failure in masonry (cohesive) to FRP-masonry interface failure 
(adhesive). Briccoli Bati and Rotunno [4] also observed a decrease in shear bond strength of the 
specimens after exposure to freeze-thaw cycles. They used different specimens and exposed them to 
12, 24, 48, and 96 freeze-thaw cycles between –8°C ( for 6 h) and +50°C with (for 6 h) and 
observed continuous decrease in shear strength with increasing the cycles, which eventually ended 
in a 50% decrease after 96 cycles.  
 
2.3.2 Numerical modeling 
The majority of the performed studies on numerical modeling of degradation and service life 
predictions have been carried out for concrete or composite elements separately, and very few 
studies can be found focused on computational modeling of FRP-strengthened masonry or concrete 
elements. Generally, the approaches can be categorized into mechanistic, non-mechanistic, 
correlation and extrapolation [178]. 
Mechanistic approaches are based on modeling all the degradation mechanisms including 
mass transfer and chemical and physical reactions. Non-mechanistic approaches relate the materials 
strength to the degradation agent level. The correlation approaches include a simple expression 
relating the strength degradation with physical or chemical changes in the adhesive (e.g. moisture 
level, swelling, etc.), [178]. These models require a large database of experimental results and the 
correlation is usually valid for the investigated cases. The extrapolation approaches include 
predictive models aiming at relating the accelerated ageing tests to real exposure conditions. The 
mechanistic and non-mechanistic approaches seem to be most suitable for modeling environmental 
degradation of materials and are briefly explained next. 




2.3.2.1 Mechanistic approaches 
Mechanistic approaches involve predicting the degradation based on the active kinetic and 
mechanisms due to environmental attack. The degradation mechanisms are related to the chemical 
reaction of the environmental agents with the adhesive and the substrate. The relation between these 
mechanisms, the degrading agent amount and the material mechanical properties is thus necessary 
to be utilized in predictive modeling. The complexity of these models is high, but they can be a 
useful tool for accurately predicting the degradation and service-life modeling of materials. The 
steps required in these approaches can be summarized as [179-181]: (i) solving moisture, 
temperature, carbonation and other transfer problems by using proper diffusion models and 
modeling the concentration of each agent in the material after exposure to specific value and time; 
(ii) numerical modeling of physical and chemical actions and reactions due to concentration of 
degrading agents in the material; (iii) obtaining the stresses, strains or damage due to the physical 
and chemical actions; (iv) establishing a link between structural mechanics and thermo-hydro 
physics in terms of the mechanical performance of materials through constitutive modeling in both 
space and time. 
It is worth noting that the moisture and heat transfer in porous media is a coupled problem 
that should be considered in the governing equations. Many studies can be found in the literature in 
which the moisture and heat transfer problems in porous media have been studied. Among them, the 
most important ones are the studies performed by Philip and De Vries [182] and Luikuv [183], in 
which the temperature and moisture content were used as driving potentials. The model derived by 
Philip and De Vries [182] considered the moisture movement in both vapor and liquid states using 
Fick’s and Darcy’s laws, respectively.  
Also, it is noted that the moisture content profile is discontinuous at the interface between 
two different porous media, due to their different hygroscopic behavior. As a consequence, usage of 
these models is rather difficult [184]. Moisture diffusion analysis of FRP-bonded specimens across 
the interface between concrete or masonry and epoxy still remains a challenge [185-189]. This 
restricts the use of Fick’s diffusion law. When the moisture moves across layered systems, the 
moisture potential must be continuous at the layer boundaries for isothermal diffusion process 
[190]. In a multilayered structure constructed with distinct permeable materials, the moisture 
content state variable is discontinuous at the adjacent material interface. In such cases, the relative 
humidity in the environment can be used as the common moisture potential in moisture diffusion 
equation [185-189].  
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Another important issue to deal with is the selection of an appropriate approach for 
modeling damage. Cracking is in fact the most important damage index associated with mass 
transport inside the targeted structures. Cracks are assumed to be normal to the maximum principal 
stress direction, occurring when the tensile principal stress exceeds the tensile strength of the 
material. After crack initiation, tension softening on progressive crack planes is taken into account 
in the form of fracture mechanics [179]. In cases in which mechanical actions on the structure are 
dominant, multidirectional cracks intersect orthogonally, but in cases where both mechanical and 
ambient weather actions are applied, principal stress axes can drastically rotate and non-orthogonal 
cracking easily takes place in the representative element volume [179]. 
 
2.3.2.2 Non-mechanistic approaches 
In non-mechanistic approaches, see e.g. [191], besides modeling the degradation mechanisms and 
chemical reactions, the degradation of materials is related to the degrading agent amount. A general 
assumption in these modeling approaches is that the degradation is instantaneous. The agent 
dependent mechanical properties (usually moisture-dependent or temperature-dependent) coupled 
with numerical transfer models can then be used for predicting the material performance. This can 
be incorporated with Cohesive Zone Models (CZM) for simulating the durability in bonded 
systems. 
CZM, which was originally introduced in [192-194], has been used to model the fracture 
behavior and durability in adhesively bonded joints. This model is particularly useful in situations 
where the crack propagation and initiation are going to be modeled in a single analysis. A traction-
separation law is used to model the damage initiation and evolution in the fracture process zone 
[195]. The main parameters that define this response are the cohesive fracture energy and critical 
traction of the adhesive in each fracture mode [196]. The underlying concept is that, as the moisture 
diffusion weakens the bond strength through reversible and irreversible mechanisms, the cohesive 
properties degrade based on the moisture concentration level. Therefore, moisture-dependent 
cohesive properties are needed to accurately predict the failure behavior using this approach [197]. 
This model has also been used for modeling the fatigue induced degradation in joints by adopting a 
damage evolution law which accounts for the irreversible accumulation of damage through the 
cyclic process [198].  
Ouyang and Wan [118, 185] studied the changes in fracture energy of the FRP-bonded 
concrete specimens under peeling load after moisture exposure. They found a relation between the 
fracture energy of the bond and the interfacial relative humidity which resulted in proposing a 
moisture dependent bond-slip law for numerical modeling purposes, see Figure 2-5. In another 
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study, Nguyen et al. [199] studied the stresses and displacements of thin masonry walls after 
exposure to fire by using a finite element model. The temperature dependency of the mechanical 




Figure 2-5: Effect of moisture on bond behavior, Ouyang and Wan [118, 185] 
 
2.3.2.3 Other approaches 
A new model has been developed by Freddi and Frémond [200] in order to predict the durability of 
adhesively bonded joints made of concrete. The model takes into account both bulk and interfacial 
damaging behavior and their interactions. A simplified version of this model has been presented in 
[201, 202], based on the principle of virtual power for modeling the bond durability in FRP-
concrete systems. The process of damage is caused by microscopic motions, which is taken into 
account in the virtual power of the interior forces. This contribution is assumed to depend, besides 
on the strain rate (velocity discontinuity for the interface), on the damage velocity and its gradient 
(damage velocity discontinuity for the interface). The damage parameters were calibrated for 
obtaining the best fit with experimental results. 
Gamage et al. [203] tried to simulate the experimental bond degradation of FRP-bonded 
concrete specimens through finite element modeling. For modeling the degradation, a thin layer of 
concrete with different meshing sizes and material properties on the top layer of the model between 
the concrete and epoxy elements was used. The properties of this thin layer were calibrated with 
experimental results to have the same strain distributions and failure modes in the numerical model.  
Silva and Biscaia [107] used an interface law for modeling the bond degradation in FRP-
strengthened concrete elements. The interface law was calibrated for each ageing condition with the 
experimental results and the data obtained from the strain gauges attached to the specimens.  
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Hu et al. [204] used a CZM bilinear traction-separation law for simulating the joints 
progressive damage and environmental degradation, see Figure 2-6. An environmental damage 
factor was introduced in the adopted model to represent the effect of cyclic temperature on the bond 




Figure 2-6: Hu et al. [204] bond degradation model. 
 
2.4 Predictive degradation models 
Service life prediction of structural components and modeling their degradation may be the most 
important aspect for practical application in durability problems. In fact, the main reason for 
durability investigations is to predict the service life of the component, which can be defined as a 
specific loss of strength or other mechanical or chemical properties, or as modeling the behavior of 
the component through time. The degradation process of the component due to exposure to 
environmental conditions should thus be well known so that it can be numerically or experimentally 
simulated. In other words, it can be said that the durability is a qualitative term which can be 
quantified by predicting the service life.  
Several researchers have been trying to predict the service life of materials or structural 
components with different methods. A brief review of service life prediction models is presented 
next. Despite the challenges encountered in practice, development of models for determination of 
service life is in continuing progress. There are a number of factors that provide difficulties in the 
model developments: (i) the rate of degradation may change with time. The degrading mechanism 
may also change with time, temperature and moisture conditions; (ii) establishment of a link 
between accelerated ageing tests and real exposure conditions is a very complicated task; (iii) 
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statistical variability may increase with time introducing difficulties in interpretation of the results 
and extraction of the key mechanisms; (iv) besides the strength degradation, increment of strength 
with time may also be observed due to post-ageing, curing or relief of residual stresses. 
 
2.4.1 Arrhenius model 
The Arrhenius equation is one of the most-known models for lifetime predictions and is commonly 
used to predict the combined effects of temperature and time [136]. This model has been used in 
many fields including pharmaceutical, insulation, adhesives and batteries, see Nelson [205]. It is 
particularly useful for the accelerated testing of polymers as it allows short-term tests conducted at 
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where dP/dt is the reaction factor (or degradation rate) for the process, E is the activation energy, R 
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where P0 is the initial material property and B is the integration constant. The key assumptions in 
simple application of the Arrhenius model are [136]: (i) the same process controls the degradation 
at both elevated and in-service temperatures and (ii) the degradation rate is directly related to a 
single chemical reaction. 
As the temperature level is required for using this model, usually an average value of 
temperature is used to calculate the reduction factor in case of long exposure periods or for 
accelerated cyclic tests. Purnell [136] showed that using this average value can lead to severe errors, 
in particular in underestimating degradation rate. Hence, varied temperature regimes can be 
collapsed to a single thermodynamic equivalent temperature [136] or the life time of the material 
can be divided into small time steps over which temperature and humidity is assumed constant 
[206]. 
 
2.4.2 Time-Temperature Superposition (TTS) model 
This model indicates that the changes of material properties through time at different temperatures 
are related to each other by a time shift. Modeling of any degradation process requires information 
on the change of material properties with time, and the rate of change of those properties with the 
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level of temperature. A number of semi-empirical relationships (linear and logarithmic) for property 
degradation have been suggested with the following general form [207, 208]: 
]).([)],(),0([),(),(
ntTkeTPTPTPTtP        (2.20) 
where P is the material property (like strength or stiffness), T is the ageing temperature, t is the 
ageing time, and n is an experimentally determined constant. The strength decays exponentially 
with time to an asymptotic value. Assuming that only one time-dependent process is occurring, TTS 
is implemented by shifting a series of curves (time-dependent material property), obtained at a 
series of temperatures, to form a master curve. The Arrhenius equation can be used in determining 
the shift factor required to align the degradation trends at a variety of temperatures. 
 
2.4.3 Time-Temperature-Moisture Superposition (TTMS) model 
An alternative approach is to plot the material property data against time for one temperature-
moisture level with the data represented by one of the following empirical relations: 
tTBTATtP ).()(),(log           (2.21) 
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       (2.22) 
where B is the degradation rate, and A is a constant. It is also possible to relate the rate of 
degradation with the rate of moisture uptake (i.e. diffusivity D). Using the Arrhenius relation, the 
diffusivity can be obtained as a function of absolute temperature T: 
RTEDD /exp             (2.23) 
where D0 is a constant, and R is the ideal gas constant.  
Phani and Bose [209] simplified the time-temperature superposition model for predicting the 
flexural response of CSM laminates. They observed that the flexural strength of the laminates at 
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where P∞ is the final flexural strength and τ is a parameter dependent on the temperature following 
an Arrhenius model. Therefore, the temperature in this model only influences the rate constant (1/τ). 
Strength and stiffness degradation due to the effects of hygrothermal ageing can also be 
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where P denotes the material property at the test temperature T, P0 is the initial property value of 
the dry material at room or reference temperature T0, and Tgd and Tgw are the glass transition 
temperatures of the dry and the conditioned (wet) material. The exponent n is a constant empirically 
derived from experimental data (proposed equal to 0.5 in [211] ). This relationship provides a 
rational solution only when Tgd >T0, and Tgw >T. Since this relation is originally proposed for epoxy 
resins, predicting the hygrothermal degradation of FRP composites can be satisfactory only for 
matrix dominated properties (such as shear and transverse flexural strength). For fiber dominated 
properties, a micromechanics approach may be used adapting this formula to account for the effect 
of matrix changes in the composite material behavior. A more general form of this equation which 
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where K is obtained by curve fitting of experimental results and N is the number of cycles. In case 
of lack in experimental data, the wet glass transition temperature can be obtained as [210]: 
gdgw TCBMAMT )(
2           (2.27) 
where M is the moisture content (%), and A, B and C are constants obtained from curve fitting of 
experimental data. Based on experimental observations, Chamis and Murthy [210] found these 
parameters equal to 0.005, –0.1 and 1, respectively. The following relation has also been suggested 
for predicting the wet Tg [212]: 
gMTT gdgw            (2.28) 
where g is the temperature shift (in K) per unit absorbed moisture. In another study, Kelley and 
Bueche [213] developed a model for modeling the plasticization effect of a diluent on polymers 
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where Tgp and Tgd are the glass transition temperatures of the dry polymer and diluent (water in this 
case), respectively. Vp is the volume fraction of the polymer, Ap and Ad are the volumetric expansion 
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where V  is the specific volume of water (=1 cc/g) and ρ is the water density. The Tg of water is 
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respectively [98]. The Fox equation has also been used for estimating the wet glass transition 
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where w1 and w2 are the mass fractions of water and polymer, respectively. 
For the composite materials, the changes of Tg due to moisture absorption (or in general a diluent) 
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where Tgm and Tgf are the glass transition temperatures of fiber and matrix respectively αm and αf are 
the thermal expansion coefficients and Vf is the fiber volume fraction.  
 
2.4.4 Crack growth rate model 
Purnell et al. [216] proposed a mechanistic model for accelerated testing of glass reinforced 
concrete materials assuming that the main degrading mechanism is propagation of fiber surface 
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where σt is the tensile strength at time t, σ0 is the initial tensile strength. k is the flaw size rate 
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where the terms kc and kT relate the proportionality of flaw growth rate, da/dt, to hydroxyl 
concentration, C, and the proportionality of induced stress to temperature, respectively. The model 
assumes that the stress required for propagation of surface flaw rate is proportional to the 
concentration of hydroxyl ions, C, responsible for hydrolytic attack on glass. Moreover, the crack 
propagation rate follows an Arrhenius model. However, further studies suggested that the strength 
loss rate may decrease with time [217]. Based on the fact that this rate change is the result of change 
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A non-linear flaw progression rate has also been used, given by: 
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2.4.5 Moisture level dependent models 
Some researchers proposed degradation models based on the moisture content of the materials. 
Nissan [218] proposed a degradation model introducing two different regimes for degradation. In 
this model, a critical moisture levels, wc, is defined, below which the moisture forms hydrogen 
bonds with the polymer network similar to the formation of an adsorption monolayer. Above this 
value, additional water molecules form hydrogen bonds with broken polar bonds and adjacent water 
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where W is the theoretical quantity of water molecules required for each polar group on the sorbent 
to be in a hydrogen bond with a single water molecule, CI is an index representing the number of 
hydrogen bonds established by a single water molecule.  
Papanicolaou et al. [219] proposed an exponential decay model for obtaining the material 
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where P∞ denotes the material property at saturation level, Pt is the property value at time t, P0 is 
the property value of dry material and Mt is the water content at time t. Nakamura et al. [220, 221] 
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here, α is a fitting parameter representing the ratio of absorbed water that contributes to bond 
breakage, confirming again the existence of the critical water content. Abanilla et al. [98] used a 
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Ouyang and Wan [185] proposed an analytical model for deterioration of interfacial fracture 
energy with moisture attack. They proposed that interfacial fracture energy is related to the 
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where H(x,y,t) is the interfacial relative humidity at (x,y) coordinate at the interface at time t, Gf0 is 
the initial fracture energy, Gf(H) is the interfacial fracture energy in wet conditions and β is a 
parameter equal to GfR/Gf0. Hd defines the deterioration rate of the interfacial energy and is equal to 
the interfacial fracture energy in which it is reduced to half value of (Gf0- GfR). GfR is the final 
fracture energy at H=100%. In another study, Tuakta and Büyüköztürk [162] proposed an 
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where Gf is the interfacial fracture energy, A and b are parameters to be fitted with experimental 
results, C is the interfacial moisture content at the time of investigation and Cth is the threshold 
moisture content defined as the moisture content beyond which no additional degradation is 
observed. They observed that this value for FRP-concrete systems is 1.29% and 2.71% at room and 
high temperatures, respectively. Assuming a constant rate of degradation for any wet-dry cycles, 
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where Gf is the interfacial fracture energy obtained from Eq. (2.42), N is the number of cycles and 
parameters q and n are obtained from experimental fitting, see Table 2-1. According to this model, 
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Table 2-1: Fitted parameters for peel and shear fracture tests [162]. 
Parameter 
Peel test Shear test 
23°C 50°C 23°C 50°C 
A 647.97 587.09 1040.40 1013.50 
b 1.24 1.30 0.49 0.73 
Cth 1.29 2.71 1.29 2.71 
q 223.73 190.85 218.29 406.42 
n 0.83 0.78 0.48 0.63 
 
2.4.6 Metric based model 
Temperature, time, moisture and corrosive substances can chemically degrade the matrix by 
chemical reactions. Although modeling all the degrading mechanisms is a complex task, the 
degradation can be modeled using degradation metrics, αi [222]. Therefore, the change in the 

















         (2.45) 
where T0 is the reference temperature and p and q are empirical parameters. The progression of 

















        (2.46) 
where, ki is the reaction rate, Ei is the activation energy, cs is the concentration of diffusing 
substance and ni and msi are parameters to be obtained experimentally. 
 
2.4.7 Multifactor interaction method 
Chamis [223] proposed a model for simulation of thermo-mechanical fatigue of composite 



























    (2.47) 
The definition of the parameters included in this equation is presented in Figure 2-7. In this model, 
all physical effects are accounted in one simple formula. Each term in this equation describes a 
specific effect with a degradation rate. The concept of this model is that the complex behavior of 
any material is assumed to be a surface in space and the shape of this surface is defined by different 
vectors representing each physical effect (thermal, mechanical, chemical, etc.), see Figure 2-7.  





Figure 2-7: Multi-factor interaction model 
 
2.5 Nondestructive techniques 
Despite the extensive experimental and theoretical investigations conducted on the bond behavior 
between composite materials and concrete/masonry substrates, development and utilization of non-
destructive methods to monitor the bond quality condition or active fracture mechanisms during the 
debonding have received less attention.  
Visual inspection and hammer tapping are the most widely used in-situ non-destructive 
testing methods for bond monitoring in FRP-strengthened elements, while several other methods 
are being applied and developed such as digital image correlation (DIC), infrared (IR) 
thermography, ultrasonic testing, shearography or acoustic emission (AE) testing. A brief 
description of these techniques is presented in this section. 
 
2.5.1 Digital image correlation 
Several interferometric and white-light optical methods, such as DIC, have been proposed and 
developed in experimental solid mechanics for displacement or strain measurements over an entire 
region of interest (ROI) [45, 224]. However, only a few studies can be found using these techniques 
for investigating the interfacial bond behavior, see e.g. [48, 49, 225]. These techniques contrast with 
conventional strain gauges or extensometers by the fact that they provide full-field data and are 
contact-free.  
The DIC technique provides full-field displacements of an object by comparing the 
similarity between images recorded (with a digital camera), at least, at two different mechanical 
states. The strain field can then be obtained from the derivation of the displacement field measured 
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with DIC. The surface of interest must have a speckled pattern, which is typically obtained by spray 
or airbrush painting. A suitable balance between region of interest (ROI) and average size of white-
to-dark spots must be achieved in order to enhance the displacement spatial resolution (small 
aperture) associated to the DIC measurements. 
This technique can be used during debonding tests for obtaining the distribution of strains on 
the FRP surface and investigating the three-dimensional aspects of the bond behavior (such as 
transversal strains or the changes of bond-slip behavior along FRP width) [225]. The full-field 
strain distribution can be used for the characterization of bond-slip laws to be used in numerical 
modeling approaches [226]. 
 
2.5.2 Shearography 
Shearography is one of the few interferometric methods that directly provides the full-field strain 
distribution on the surface under investigation [227, 228]. This method can also be used to detect 
internal defects and flaws. Any defect or flaw, unless very far from the surface, induces surface 
strains on the objects, which make it detectable. This method has been widely used to detect defects 
in composites and tires [228]. Application of this method for the detection and localization of 
interfacial bond defects in FRP-strengthened concrete elements has recently received attention, see 
e.g. [229, 230].  
In this technique, the light waves reflected from the object’s surface are recorded with a 
Charge Coupled Device (CCD) camera as a pair of laterally sheared images. The interference 
between the image pairs produces a random interference pattern. The comparison between the 
patterns obtained at different mechanical states produces a fringe pattern, called shearogram, 
presenting the derivative of the surface displacements [231]. A major drawback of this method, 
much alike all speckle interferometric methods, is that excessive rigid body motion produces de-
correlation of speckle patterns resulting in a reduction the visibility of the fringe [228]. 
 
2.5.3 IR thermography 
The IR thermography method has been extensively used in the last years for detection and 
evaluation of defects in FRP bonded components [230, 232, 233]. Applications are mostly focused 
on the qualitative assessment and the localization of the defects. However, once the defects have 
been located, it is interesting to characterize them quantitatively in order to evaluate the 
performance of the structure [234]. 
IR thermography is based on the principle that the heat flux is transmitted at different rates 
in materials with different thermal properties [234]. In an FRP-strengthened element, any defect or 
Chapter 2: Literature review on FRP-substrate bond 41 
 
 
delamination in the interfacial region changes the thermal properties in that area. Therefore, if a 
heat flux is applied to the surface of a FRP-bonded element, the heat will be transferred with a 
different rate in the defected areas with respect to the perfectly bonded regions. This leads to the 
appearance of hot or cold spots in thermal images depending on the heat observation method [232]. 
 
2.5.4 Ultrasonic testing 
Ultrasonic methods have been widely used for the evaluation of concrete [235]. These methods 
have also been used for investigating the deterioration in FRP-strengthened concrete structures 
[236] or characterization of the bond in adhesive bonded elements [237]. Detection of interfacial 
delamination or defects with these techniques has been reported in [238, 239]. The method is based 
on the transmission of ultrasonic waves through the material. The defect depth can be calculated 
from the required time to receive the reflected echo. Alternatively, an ultrasonic tomography can be 
performed in a direct (sender and receiver on opposite sides of the specimen) or indirect (on the 
same side of the specimen) manner. Thereby, the ultrasonic wave velocity is correlated to the 
material density and voids are detected as areas with high wave transmission resistance. 
 
2.5.5 Acoustic Emission (AE) technique 
Acoustic Emissions (AE) are high-frequency transient elastic waves that are emitted within the 
material during local stress redistributions occurring during crack initiation and growth. These 
emissions are detected on the material’s surface by means of piezoelectric transducers, pre-
amplified, filtered and amplified before they are sent to the data logger. Background noise is 
eliminated using a minimum amplitude threshold. 
The recorded acoustic emissions hold information on the fracture process which produced 
them. Basic AE hit counting, taking into account the cumulative or average number of AE hits or 
emitted AE energy, has successfully been used for damage assessment in rock, concrete and 
masonry [240-242]. 
Limited results are reported in literature regarding the analysis of debonding phenomena in 
externally strengthened masonry and concrete components by means of the acoustic emission 
technique. AE monitoring during FRP debonding from concrete beams and slabs was studied by 
Carpinteri et al. [243], who detected the propagation of flexural cracks in an FRP-strengthened 
beam and by Degala et al. [244], who observed the progressive debonding of CFRP strips from 
concrete slabs and differentiated between CFRP debonding and concrete failure (flexural, 
compressive or shear failure) by looking at the relative intensity of the AE signals. Shear behavior 
of strengthened masonry walls was analyzed with the acoustic emission technique by Masera et al. 
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[245] who observed decrease of the signal peak frequency upon failure of the masonry specimens. 
Here, the debonding mechanism itself will be the object of investigation. 
 
 









3 Experimental plan and test methods 
The experimental program and test methods followed in this thesis are described in the present 
chapter. A scheme of the experimental plan is shown in Figure 3-1. The main aim of this plan is to 
investigate the effects of environmental conditions on the bond behavior in FRP-strengthened 
masonry. Accelerated ageing tests are performed to simulate different environmental conditions. 
The changes in the material mechanical properties and the bond behavior with exposure time are 
monitored periodically by performing qualitative and quantitative laboratory tests. Advanced 
measurement techniques are adopted for investigating the fracture propagation and degradation in 
the bond between FRP and masonry, as explained in Chapter 6.  
 
 
Figure 3-1: Experimental plan. 
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3.1  Materials 
Two types of solid cay bricks are used in this study as substrate, hereafter denoted by brick type 1 
and 2. Both brick types have dimensions of 200x100x50 mm
3
. The brick type 1 is a handmade brick 
produced in Galveias (Portugal) with low compressive strength, selected as representative of 
historical Portuguese masonry bricks. These bricks are used in the preparation of the specimens for 
water immersion tests (Chapter 4). Physical and mechanical properties of these bricks are detailed 
in Fernandes and Lourenço [246]. Their compressive strength is reported as 9.2 MPa with 20.9 % 
porosity and 11.2 % water absorption after 24 hours water immersion [246]. The bricks type 2, used 
for accelerated hygrothermal exposure tests (chapter 5), are produced for the present work given the 
difficulty in obtaining the bricks type 1. 
Glass Fiber Reinforced Polymer (GFRP) is used as the composite material for external 
strengthening of the bricks. GFRP composites, compared with other conventional FRP materials, 
have lower axial stiffness that makes them more suitable for masonry structures [59]. GFRPs have 
been extensively used for externally bonded reinforcement (EBR) of masonry structures, but issues 
such as durability and compatibility with masonry substrates are still under investigation. The 
GFRP composites are prepared with commercially available unidirectional E-glass fibers 
(MapeWrap G UNI-AX 900/60) and a compatible two-part epoxy resin (MapeWrap 31) as the 
matrix, following the wet lay-up procedure. A two-part epoxy primer (MapeWrap primer 1) is also 
used for preparation of the bricks’ surfaces before application of FRP composite. The mechanical 
and physical properties of the composite components provided by the supplier are presented in 
Table 3-1. 
 
Table 3-1: Material properties provided by the manufacturer. 













Fabric equivalent thickness teq (mm) 0.48 
Tensile strength 
 
ftf (MPa) 2560 
Tensile elastic modulus Ef (GPa) 80.7 
Tensile maximum strain ε (%) 3-4 
Thickness 
  
t (mm) 0.17 






ftm (MPa) 40 
Tensile maximum strain (28 days) ε (%) 1.80 








Two different types of specimens are used in this study: (a) specimens for characterization tests of 
the different materials and (b) specimens for characterization tests of interfacial bond.  
The specimens prepared for material characterization tests consist of: brick specimens, see 
Figure 3-2 (a, b); epoxy dog-bone shape specimens, see Figure 3-2 (c); primer dog-bone shape 
specimens, see Figure 3-2 (c); GFRP coupons, see Figure 3-2 (d). The procedures followed for 
preparation of these specimens are explained in Sec. 3.3 for each test method separately.  
Two types of specimens are prepared for bond characterization tests: pull-off test specimens, 
see Figure 3-3 (a); and shear debonding test specimens, see Figure 3-3 (b). The preparation 
procedure for these specimens is presented in Sec. 3.4.1. 
 
 
Figure 3-2: Specimens for material characterization tests (dimensions in mm). 
 
3.3 Mechanical characterization 
The experimental tests performed for characterization of mechanical properties of constituent 
materials are presented in this section. Five specimens are tested in each test method and the 
average results are presented. A summary of the obtained mechanical properties can be found in 
Table 3-2.  
 







Figure 3-3: Specimens for bond characterization tests (dimensions in mm): (a) pull-off test 
specimen; (b) shear debonding test specimen. 
 
Table 3-2: Material properties of the materials. 
Clay brick type 1     Average CoV(%) 
Compressive strength fcb (MPa) 8.0 11.0 
Clay brick type 2         
Compressive strength fcb (MPa) 14.3 4.0 
Epoxy resin         
Tensile strength 
 
fte (MPa) 53.8 9.7 
Elastic modulus 
 
Ete (GPa) 2.5 9.5 
Ultimate deformation ε (%) 2.6 10.4 
Primer           
Tensile strength 
 
ftp (MPa) 55.3 11.1 
Elastic modulus 
 
Etp (GPa) 2.9 6.1 
Ultimate deformation ε (%) 2.1 14.5 
GFRP coupon         
Tensile strength 
 
ftf (MPa) 1250.0 15.0 
Elastic modulus 
 
Etf (GPa) 79.2 6.8 
Ultimate deformation ε (%) 1.9 20.2 
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3.3.1 Brick  
The compressive strength of the bricks is obtained according to standards EN 772-1 (2002) [247] 
and UNI EN 8942-3 (1986) [248]. Water absorption tests have also been performed on the brick 
specimens and the results are presented. 
 
3.3.1.1 Compressive strength 
Compression tests are performed on 40×40×40 mm
3
 cubic brick specimens. The specimens are 
extracted from the internal volume of the bricks as shown in Figure 3-4 (three specimens from each 
brick). The top and bottom surfaces of the bricks are regularized initially with a grinding machine. 
The specimens are then extracted with the aim of an electric masonry saw. 
 
 
Figure 3-4: Cutting scheme of the brick specimens (dimensions in mm). 
 
The small specimens are loaded perpendicular to the flatwise direction, see Figure 3-5, with 
a LLOYD 50kN testing machine. As shown in Figure 3-6 (a), a steel plate with a spherical seat is 
placed on top of the specimen for facilitating the load application and preventing any effects due to 
the specimen’s imperfections. Additionally, in order to minimize the friction effect on the 
boundaries of the specimen, a pair of Teflon sheets with a thin layer of oil between them is placed 
between the surface of the platens and the specimen, see Figure 3-6 (b). 
Due to the small dimensions of the specimens, no measurement device was mounted on the 
specimens and the specimen’s deformation is monitored with the control displacement transducer 
(LVDT) mounted on the actuator. 
 
 
Figure 3-5: Direction of load application in compressive tests. 






Figure 3-6: Laboratory set-up for compressive tests: (a) test set-up; (b) specimen preparation. 
 
The compressive strength of the brick type 1 is 9.2 MPa (CoV=11.0%) [246]. The average 
compressive strength of the brick type 2 was obtained equal to 16 MPa (CoV=4.0%). According to 
ASTM C39-12a, when the height-to-length ratio of the specimens is lower than two, the 
compressive strength values should be corrected. Since the brick specimens are cubic (height-to-
length ratio equal to 1), a reduction factor of 0.87 is proposed in this standard leading to 
compressive strengths of 8.0 MPa and 14.3 MPa for bricks type 1 and 2, respectively. Figure 3-7 
presents the typical stress-strain behavior and failure modes of the tested specimens. 
 


















Figure 3-7: Brick type 2 typical compressive behavior. 
 
3.3.2 Epoxy resin and primer 
Mechanical properties of the epoxy resin and primer are determined by performing tensile tests on 
dog-bone shape specimens, see Figure 3-2 (c). Although seven days are proposed for curing of the 
epoxy resin in the technical datasheet provided by the manufacturer, the specimens were cured for 
60 days at room temperature. Previous studies have shown that curing times much longer than the 
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period proposed by the suppliers are necessary for complete curing of cold-cured epoxy resins [104, 
249]. Cross-linking reactions are still in progress before complete curing of the epoxy resin, 
meaning that the material is not in a stable condition and with its maximum mechanical properties. 
In order to accurately investigate the effect of water on the properties of epoxy resin, it is necessary 
to separate the water degrading effects and epoxy resin cross-linking reactions. 
The recommendations provided by the supplier and ISO 527-1 (2012) [250] are followed for 
preparation of the specimens and performing the tensile tests. Type A specimens are selected from 
ISO 527-1 (2012) for preparation of the samples in this study. Both primer and resin have the same 
mixing time, curing time and working temperature according to the technical sheets. The specimens 
preparation is performed at around     C (within the proposed working temperature range of  1   
to     C). The specimens preparation procedure is illustrated step by step in Figure 3-8. The epoxy 
resin and primer are prepared by mixing two materials parts (both were two-part materials) 
appropriately until obtaining a homogenous paste. The paste is then poured into a silicone mold 
with special care to minimize the air voids in the specimens. A steel roller is used for removing the 
excessive epoxy/primer from the molds. The specimens are taken out from the molds after two days 





Figure 3-8: Preparation of epoxy resin and primer specimens. 
 
The glass transition temperature (Tg) of the epoxy resin is obtained by means of differential 
scanning calorimetry (DSC) method. The specifications proposed by ASTM E1356-08 [251] are 
followed for performing the tests. In this method, the rate of heat absorption or emission from a 
specimen with temperature increment is measured. The Tg, defined as the temperature in which the 
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specific heat of the material is changed, is determined from the heat flow-temperature curve 
obtained from the DSC tests [252]. Here, the thermal scans are carried out between 40°C and 200°C 
with a heating rate of 10°C/min. The typical heat flow-temperature curve obtained from the DSC 
tests is shown in Figure 3-10. The average Tg was +70°C (the mean value of four tests). 
 
3.3.2.1 Tensile strength 
The tests are carried out in accordance with ISO 527-1 (2012) [250] and ASTM D638-10 [253] with 
a LLOYD 50kN testing machine, see Figure 3-10. The tests are driven displacement control at a 
rate of 1 mm/min. Deformation of the specimens is monitored by a clip gauge placed on the middle 
of the specimens. The tensile stress is determined as the recorded force divided by average cross 
sectional area measured at three sections of the specimens. The elastic modulus is then calculated as 




Figure 3-9: Typical heat flow-temperature curve obtained from DSC tests. 
 




Figure 3-10: Laboratory set-up for epoxy/primer tensile tests. 
 
The average tensile strength of epoxy resin is obtained as 55.3 MPa (CoV=4.1%) with 
elastic modulus of 2.5 GPa (CoV=9.5%). The primer has an average tensile strength of 54.0 MPa 
(CoV=7.0%) with elastic modulus of 2.4 GPa (CoV=6.1%). The typical stress-strain curves of the 
specimens together with the observed failure modes are shown in Figure 3-11. 
 















































Figure 3-11: Typical tensile behavior of: (a) epoxy resin; (b) primer. 
 
3.3.3 GFRP composite 
Regarding the composite materials, the specimens preparation, tensile tests and analysis of the 
results are conducted following the recommendations of ISO 527-1 (2012) [250] and ASTM 
D3039-08 [254]. The mechanical properties are obtained in terms of tensile strength, ftf, and elastic 
modulus, Ef. 
The GFRP coupons are prepared following the wet lay-up procedure according to the code 
specifications. Since the glass fibers used in this study consist of bundles with a large number of 
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filaments, specimen type B in ISO 527-1 (2012) [250] is selected for preparation of the coupons. 
The procedure followed for preparation of the specimens is illustrated step by step in Figure 3-12, 
see ISO 527-1 (2012) [250] for detailed explanation. The average final dimensions of the specimens 
are 300×15×2×mm
3
 with gauge length of 150 mm. 
 
 
Figure 3-12: Preparation of GFRP coupon specimens. 
 
3.3.3.1 Tensile strength 
The tests are carried out in accordance with ISO 527-1 (2012) [250] and ASTM D3039-08 [254] 
with a LLOYD 50kN testing machine. The tests are driven displacement control at a rate of 
1 mm/min. Deformation of the specimens is monitored by a clip gauge placed on the middle of the 




Figure 3-13: Laboratory set-up for GFRP tensile tests. 
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According to ASTM D3039-08 [254], the tensile stress can be obtained as the recorded force 
divided by the average cross sectional area and the elastic modulus is the slope of the stress-strain 
curve in the strain range between 1000 to 3000 microstrains. ACI 440.3R-04 [255] proposes that the 
tensile stress can also be obtained as the recorded force divided by equivalent fiber area. Equivalent 
fiber area is defined as the width of the specimens multiplied by fiber equivalent thickness given in 
technical data sheets. As in the wet lay-up procedures, the specimens’ thickness is not usually 
uniform though the specimen, the latter seems to provide more realistic results. Normalizing the 
mechanical properties to thickness can also provide an accurate baseline for comparison purposes in 
wet lay-up specimens [164, 256]. 
Throughout this study, the changes in tensile strength and elastic modulus of GFRP coupons 
are normalized to the specimens thickness in accordance with ASTM D7565-10 [256]. However, 
for initial characterization of the material properties, the method based on equivalent fiber area, 
proposed in ACI 440.3R-04 [255] is also used. The typical stress-strain curves obtained from tensile 
tests on GFRP coupons are shown in Figure 3-14 for both methods. 
The average tensile strength of GFRP coupons is 1250.0 MPa (CoV=15%) with elastic 
modulus of 79.2 GPa (CoV=6.8%). The typical failure mode of the specimens is shown in Figure 
3-14 (failure modes type XGM and SGM according to ASTM D3039-08 [254]). 
 
 
















































Figure 3-14: Typical tensile behavior of GFRP coupons: (a) based on equivalent fiber area; 
(b) based on stresses normalized to thickness. 
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3.4 Water absorption tests 
3.4.1 Bricks 
Bricks water absorption tests are performed based on the gravimetric sorption method according to 
ASTM C 67-12 [9]. Full size bricks are used for performing the tests as suggested in the standard. 
The specimens are immersed in water at    C after initial drying. Five specimens are then taken 
from the water periodically, wiped and weighed to measure the absorbed water with time. The 
difference between the initial weight and the weight after immersion represents the moisture mass 
uptake, see Eq. (3.1). This procedure is repeated until having water absorption lower than 1% of the 








M tt           (3.1) 
where, Mt is the moisture uptake content at time t, open porosity, Wt is the specimen’s weight at 
time t, W0 is the dry weight of the specimen. The average moisture uptake behavior of the brick 
specimens through time is presented in Figure 3-15. The brick type 1 absorbed 10.3% mass of 
moisture upon saturation while this value is 9.3% for the brick type 2. This absorbed water is 
corresponding to 17% and 17.9 % open porosity in bricks type 1 and 2, respectively. The open 
porosity of the bricks is reasonably high, even if higher values are normal in hand-made bricks 









            (3.2) 
where, Ws is the saturated weight, Wd is the dry weight, V is the volume of the specimen and ρw is 
the water density. 
 






















 Clay Brick 1
 Clay Brick 2
 
Figure 3-15: Moisture uptake behavior of brick specimens. 
Chapter 3: Experimental plan and test methods 55 
 
 
3.4.2 Epoxy and GFRP 
Water absorption tests for epoxy and GFRP are performed according to ASTM D 570-98 (2010) 
[258]. The specimens are immersed in deionized water at    C after initial drying. Five specimens 
are then taken from the water periodically, wiped and weighed to measure the absorbed water with 
time. The difference between the initial weight and the weight after conditioning represents the 
moisture mass uptake. This procedure is repeated until having water absorption lower than 1% of 
the dry weight in three sequential measurements. The average moisture uptake behavior of epoxy 
resin and GFRP coupon is presented in Figure 3-16. In general, the epoxy resin absorbed 1.6% mass 
of moisture upon saturation, while GFRP coupons absorbed 3.7%.  
 















Figure 3-16: Moisture uptake behavior of epoxy and GFRP. 
 
Assuming a Fickian moisture uptake behavior, the moisture diffusion coefficient of epoxy 
resin and GFRP can be obtained. According to the Fick’s second law, the moisture uptake in a one-













           (3.3) 
This equation provides the moisture concentration, C, at a distance x from the contact surface as a 



























      (3.4) 
where, M∞ is the equilibrium moisture content at saturation point, and h is the specimen’s thickness. 
Eq. (3.4) can be approximated for short-term exposures (Dt/h
2
<0.04) as: 









          (3.5) 
while for long-term exposures (Dt/h
2












        (3.6) 
The moisture diffusion coefficients can be determined as the initial slope of the water uptake 















         (3.7) 
 
 
Figure 3-17: Fickian diffusion. 
 




/sec, in line with [113, 
259]. Water absorption rate and the amount of absorbed water upon saturation in epoxy resins 
depend on different parameters such as formulation, curing conditions, environment temperature 
and humidity [104]. A wide range of equilibrium water content and moisture diffusion coefficients 
can be found in the literature. In [90, 259] a water content range from 0.4% to 1.9% was observed at 




/sec. In [104], a water content 









/sec, in line with [113, 259]. It can be 
observed that the equilibrium moisture content and moisture diffusion coefficient of the composite 
specimens are higher than of the epoxy resin. This difference is due to the imperfect interfaces that 
are in contact with water in the composite specimens [104]. 
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3.5 Bond characterization 
For characterization of the bond behavior single-lap shear bond and pull-off tests are performed. 
Pull-off tests are only used in water immersion tests (Chapter 4). The specimens preparation and 
test procedure for each test method are presented in this section. Advanced measurement techniques 
are also used for obtaining a detailed understanding of the debonding phenomenon as well as 
developing new methods for bond quality assessment. The detailed explanation of these techniques 
can be found in Chapter 6. 
 
3.5.1 Specimens preparation 
The geometrical details of the specimens are presented in Figure 3-3. The GFRP sheets are applied 
to the bricks surface following the wet lay-up procedure, see Figure 3-18. The masonry bricks are 
dried in the oven before application of the GFRP sheets. After cleaning the brick surface, a two-part 
epoxy primer (MapeWrap Primer 1) is applied to the bricks surface with a bristle roller for 
preparation of the substrate surface before GFRP application. Finally, a two-part epoxy resin 
(MapeWrap 31) is used as matrix for the composite material and for adhesion to the masonry 




Figure 3-18: Preparation of the specimens for debonding tests. 
 
For the pull-off tests, the GFRP sheets are applied over a 180x80 mm
2
 area of the bricks 
surface as shown in Figure 3-3 (a). As for the pull-out tests, the GFRP sheets with 50 mm width are 
applied on the brick surface. The bonded length of the GFRP is equal to 150 mm with a 40 mm 
unbonded part at the loaded end, see Figure 3-3 (b). 
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3.5.2 Pull-off tests 
Pull-off tests are usually performed for evaluating the tensile bond performance as an in-situ test 
method even if the results obtained represent the local adhesion strength between composite 
material and the substrate, and are not representative of the global bond behavior. This test method 
is only used in water immersion tests. 
The pull-off tests are performed according to the recommendations of ASTM D4541-09 
[260]. A 50 mm diameter partial core is drilled on the test zone with an approximate depth of 5 mm, 
see Figure 3-19. Then, an aluminum disk is glued over the GFRP surface, inside the drilled zone, 
with a high strength adhesive. After curing of the adhesive, the disks are pulled monotonically at a 
constant rate of about 20 kPa/s so that failure occurred within one minute. The tests are carried out 





30 50 40 50 30
Drilled core
 
Figure 3-19: Pull-off tests setup. 
 
3.5.3 Shear debonding tests 
Single-lap shear bond tests are performed on the conditioned specimens to assess the changes in the 
shear bond behavior. The tests are performed using a closed-loop servo-controlled testing machine 
with maximum load capacity of 50 kN. A rigid supporting steel frame is used to support the 
specimens appropriately and avoid misalignments in load application. The specimens are placed on 
the steel frame and firmly clamped to it as shown in Figure 3-20 (a). The specimens are pulled 
monotonically with a speed rate of 5µm/sec. Tests are driven under displacement control with 
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reference to the LVDT placed at the loaded end of the FRP composite. The resulting load is 
measured by means of a load cell. The relative slip between the GFRP and the masonry substrate is 
measured with the LVDTs glued along the bonded length, see Figure 3-20 (b). Two LVDTs are 






Figure 3-20: Single-lap shear bond tests: (a) test setup (perspective); (b) specimen instrumentation 
(front view). 
 
3.6 Environmental exposures 
3.6.1 Water immersion 
This exposure is intended to investigate the influence of moisture on the bond behavior in FRP-
strengthened masonry components. The test specimens are immersed in deionized water for 
24 weeks. A water tub placed in a temperature controlled environment (   C, 60% R.H.) is used for 
performing the tests.  
 
3.6.2 Hygrothermal conditions 
This exposure is aimed at investigating the degrading effect of hygrothermal conditions (coupled 
temperature and humidity exposure) on the bond behavior. The specimens are exposed to three 
different hygrothermal conditions in a climatic chamber, see Figure 3-21. Since the climatic 
chamber was only available discontinuously and with different periods, the exposures are 
performed with different durations. 
 




Figure 3-21: Climatic chamber. 
 
The details of exposure conditions are shown in Figure 3-22. In the first exposure, HT1, the 
specimens are exposed to   h temperature cycles from  1    to      C and constant relative 
humidity of 90%. In each cycle, the temperature is kept constant at  1   C for 2 h, subsequently 
increased to      C in 1 h, followed by 2 h constant temperature at      C. Then, the temperature is 
decreased again to  1   C in 1 h resulting in 6 h cycles of exposure. The      C is relatively a high 
temperature chosen to accelerate the degradation phenomenon while being far enough from the 
epoxy resin Tg (    C). Since environmental conditions can cause reduction of Tg in epoxy resins, the 
maximum temperature in the thermal cycles should avoid reaching the Tg of the epoxy resin during 
the tests [88]. The specimens are subjected to a total of 225 cycles of this exposure. The aim of this 
exposure is to simulate temperature cycles in high relative humidity environments. 
Exposure HT2 consists of temperature cycles similar to the HT1 with constant relative 
humidity of 60%. The aim is to investigate the effect of relative humidity level on the bond 
degradation (compared to HT1). The specimens are subjected to a total of 820 cycles in this 
exposure. The aim is to investigate the bond degradation due to temperature cycles in regions with 
low relative humidity conditions. 
In the third exposure, FT, the specimens are exposed to temperature cycles from –1    to 
     C and constant relative humidity of 90%. The aim is to investigate the effect of freeze-thaw 
conditions on the bond behavior while having the minimum number of changes comparing to the 
other exposures. Therefore, a similar rate of exposure is used with     C decrement of the maximum 
and minimum temperatures. The specimens are subjected to a total of 300 cycles during this 
exposure.  
 




Figure 3-22: Hygrothermal exposure. 
 
3.7 Post-ageing tests 
Post-ageing tests are performed periodically during the environmental conditioning, both for 
mechanical characterization of materials and bond behavior.  
In water immersion tests, Chapter 4, the post ageing tests are performed after each month of 
immersion. The specimens are dried in the laboratory conditions before performing the post-ageing 
tests, so that the results present solely the irreversible degradations. Mechanical tests are performed 
on epoxy resin, GFRP coupons and bricks. For the bond characterization, pull-off and pull-out 
(single-lap shear debonding) tests are performed.  
In hygrothermal exposure tests, Chapter 5, the post ageing tests are performed periodically 
during the exposure. The specimens are taken from the climatic chamber after stabilizing at       
in  T cycles and      C in FT cycles. The specimens are then stabilized in laboratory conditions for 
four days before performing the post-ageing tests. The tests included mechanical characterization of 
material properties and single-lap shear debonding test. As no correlation was found between the 
pull-off and the pull-out tests in water immersion, the pull-off tests are not performed in specimens 
exposed to hygrothermal conditions. 















4 Water induced degradations 
The experimental results obtained from the water immersion tests are presented and discussed in 
this chapter. The specimens were immersed in water in a controlled temperature water bath for a 
total period of 24 weeks. The results are presented next in terms of the changes in material 
mechanical properties and bond behavior with immersion time. Finally, some analytical models 
presented in sec. 2.4 have been adopted and used for durability predictions.  
 
4.1 Material properties 
4.1.1 Brick 
The changes in compressive strength of brick with immersion time are shown in Figure 4-1. The 
results are presented as the average of five tests for each exposure period. The CoVs of the tests 
were less than 15% in all exposure periods which seems reasonable for testing material properties 
[261].  
Significant reduction of compressive strength can be observed, up to 25% after 24 weeks of 
immersion. This reduction of the compressive strength can be due to the chemical reactions of water 
with brick components (dissolving effect of water) or due to insufficient firing temperature [105]. 
Insufficient firing temperature in clay bricks can lead to a low degree of vitrification and a high 
moisture expansion coefficient [106]. The degree of vitrification is defined as the amount of glass 
formed in the brick during firing. The water can react with the remaining clay inside the brick 
resulting in micro-cracking, expansion and, consequently, strength degradation.  
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Figure 4-1: Effect of water immersion on bricks compressive strength. 
 
4.1.2 Epoxy resin 
The changes in the mechanical properties of epoxy resin, namely Young’s modulus and tensile 
strength, are presented in Figure 4-2. The results are presented as the average of five tests for each 
exposure period. The CoVs of the tests were less than 10% for the tensile strength and less than 
16% for the elastic modulus in all exposure periods which is reasonable for testing material 
properties [261]. 
A strong reduction of mechanical properties is observed upon immersion time. The Young’s 
modulus and tensile strength are decreased 40% and 25% after 24 weeks of immersion, 
corresponding to 1.2% of water absorption. It seems that the elastic modulus has reached a constant 
value after 12 weeks of immersion. However, the tensile strength decreases continuously during the 
24 weeks of exposure. The degradation of epoxy resins due to water absorption varies with the type 
of epoxy resin [98, 104, 160, 161]. Tuakta and Büyüköztürk [161] reported 7% reduction of elastic 
modulus and 22% reduction of tensile strength in epoxy resin for 1.2% mass water absorption. In 
another study, Sciolti et al. [104] reported 32% reduction of tensile strength and 45% reduction of 
elastic modulus after 24 weeks of water immersion corresponding to 4% mass water absoprtion. 
The observed reduction in mechanical properties is due to the plasticization and possibly hydrolysis 
of epoxy resin [129, 262, 263]. The absorbed water acts as a plasticizer, which usually reduces the 
Tg and mechanical properties. The decrease in the Tg reflects the degree of plasticization and 
occurrence of the water/resin interactions [249], but this reduction can be partially regained upon 
drying [96]. For long exposure periods, the possibility of resin degradation increases because 
hydrolytic reactions or chain scission may also occur, and these can strongly affect the resin 
performance [249]. 
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(a) (b) 
Figure 4-2: Effect of water immersion on epoxy resin: (a) elastic modulus; (b) tensile strength. 
 
4.1.3 GFRP 
The changes in mechanical properties of GFRP coupons due to water immersion are presented in 
Figure 4-3. The results are presented as the average of five tests for each exposure period. The 
CoVs of the tests were less than 16% in all exposure periods. 
Again, Young’s modulus and tensile strength decrease significantly. The Young’s modulus 
reached a plateau after 16 weeks of immersion with 38% degradation. The tensile strength 
decreased about 40% after 24 weeks of exposure corresponding to 3.67% water uptake. Severe 
deterioration of mechanical properties of GFRP (50% reduction in tensile strength) has also been 
reported in [264]. Mechanical properties of fiber reinforced polymers are usually fiber dominated. 
Since fibers are protected with epoxy resin no degradation is expected due to water attack. 
However, the formation of voids and non-uniformities in the specimens prepared following the wet 
lay-up procedure increases the vulnerability of the composite material to moisture uptake [98]. The 
observed degradation in mechanical properties of GFRP coupons can be attributed to the degrading 
effect of water in the epoxy and epoxy/fiber interface. Moreover, the water can attack fibers which 
results in corrosion and fiber/epoxy bond degradation [129]. 
On the other hand, the resin layers between fibers may not be polymerized completely at 
earlier times. Polymerization and curing take place over an extended period of time and can be 
accelerated due to moisture uptake resulting in an initial increase of the composite material’s 
performance [104]. This post-curing behavior can offset the degrading effect of water attack. Since 
the specimens were cured for two months before moisture conditioning, it is assumed that the 
polymerization has fully occurred. Therefore, the results present solely the strength degradation due 
to water immersion. 
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(a) (b) 
Figure 4-3: Effect of water immersion on GFRP: (a) elastic modulus; (b) tensile strength. 
 
4.2 Bond behavior 
4.2.1 Pull-off tests 
The changes in the pull-off bond strength of the specimens are presented in Figure 4-4 for all the 
tested specimens. The mean values are obtained from the average of six tests. Some scatter is found 
which is common in this type of test [265]. A large and progressive reduction of bond strength can 
be observed in the specimens with time. The pull-off bond strength has been reduced 56% after 24 
weeks of immersion. However, the failure mode remained cohesive in all immersion periods with 
reduction of the thickness of the detached brick layer. The thickness of the detached brick layer, 
being thick initially, was reduced until reaching the primer impregnated layer of the brick. The 
results obtained from the pull-off tests depend on the local condition of the specimens and they 
cannot be directly used to evaluate the bond behavior, as stated before.  
 























Immersion time (weeks)  
Figure 4-4: Effect of water immersion on the pull-off bond strength. 
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4.2.2 Debonding tests 
Typical load-slip curves (envelope and average) obtained from experimental tests for different 
immersion times are shown in Figure 4-5. It can be observed that the bond stiffness and strength are 
degraded in time. Moreover, a relatively less brittle behavior can be observed in the immersed 
specimens, when compared to the reference specimens. The load-slip behavior of the specimens 
after 24 weeks of immersion exhibits 1.4 mm of slip at the deboning point. In comparison, 
debonding has been occurred at 0.6 mm slip in the reference specimens. An opposite behavior was 
reported in [166] for CFRP-strengthened calcernite stones, where a more brittle bond behavior was 
found in the specimens after water immersion. 
 
 
Figure 4-5: Envelope and average load-slip curves obtained from debonding tests. 
 
A comparison between the slip values captured by the LVDTs at the loaded end and middle 
of the bonded length, see Figure 4-6, shows that the slip at the middle is negligible in the reference 
specimens. In the specimens with 12 weeks of immersion, the slip at the middle is negligible 
initially, but it increases after the peak bond strength until complete debonding. In the specimens 
with 24 weeks of immersion, the slip at the middle starts to increase before reaching the maximum 
bond strength and it continues until complete debonding. This phenomenon, being the result of 
stiffness reduction in the GFRP and epoxy resin, shows an increase of effective bond length in the 
specimens with time due to water immersion. The effective bond length is defined as the minimum 
length along which the strains and stresses are transferred to the substrate. Changes in effective 
bond length due to water immersion, even if not considered in current design procedures, can cause 
unsatisfactory failure modes in the strengthened specimens. However, more precise instrumentation 
such as strain gauges or digital image correlation techniques is necessary for accurate measurement 
of the changes in the effective bond length. 
 




Figure 4-6: Typical load-slip behavior at the loaded end and middle bonded length, through time. 
 
The changes in the debonding strength and stiffness with immersion time are presented in 
Figure 4-7. The results shown provide the average of five tested specimens for each immersion 
period. The bond strength decreased slightly in the first 12 weeks of immersion (about 16%). The 
rate of degradation increased after 12 weeks of immersion reaching 35% reduction of bond strength 
after 20 weeks of exposure. It seems that the degradation is less dependent on time after 20 weeks 
of immersion and the bond strength might have reached a residual value. However, performing 
water immersion tests for longer periods is necessary for obtaining a clear insight into the 
degradation pattern upon time. A similar residual bond strength has been reported in [166] after 8 
weeks of immersion for CFRP strengthened calcernite stones. Water at the bond interface replaces 
the brick/adhesive contact resulting in a weaker boundary layer. The free surface energy at the 
water/epoxy interface and brick/epoxy interface is much lower than the one at the brick/epoxy. 
Therefore, the presence of water at the interface decreases the free surface energy of adhesion, 
resulting in lower fracture energy and bond strength degradation values [160]. 
The bond stiffness, defined as the initial slope of the bond-slip curves, has decreased 
significantly in the first eight weeks (about 60%). Afterwards, the rate of degradation in the bond 
stiffness decreased, reaching 80% reduction in the end of the experimental program. This reduction 
in the bond stiffness can be attributed to the stiffness reduction in epoxy resin, GFRP, and 
FRP/brick bond. In comparison, the stiffness was observed to remain unaffected with immersion 
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time in CFRP-strengthened calcernite stones [166] and concrete specimens strengthened with CFRP 
laminates [118, 186]. In general, it seems that degradation diminishes with time for bond strength 
and stiffness. This phenomenon, being an evidence of reaching a thermodynamic balance, has also 
been reported in [161, 186]. 
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(a) (b) 
Figure 4-7: Debonding behavior under continuous water immersion: (a) strength; (b) stiffness. 
 
A comparison between the observed degradation in debonding force and pull-off strength is 
presented in Figure 4-8. In this graph, the changes in the bond properties are presented as 
normalized to the initial values. The results shows that rate of degradation in the pull-off strength is 
more than, and different from, the degradation in debonding force. As explained before, this 
difference is due to the fact that pull-off tests provide information on the local adhesion normal to 
the surface of the specimens (fracture mode I). However, the results obtained from the debonding 
tests are representative of the global bond behavior parallel to the specimens’ surface (fracture 
mode II). 
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Figure 4-8: Comparison between pull-off and debonding test results. 
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A drawback of strength-based approaches in investigating the environmental effects on the 
bond behavior, as done in Figure 4-7, is that the results depend on the geometrical characteristics of 
the specimens. Considering the debonding as a local failure that involves crack propagation, 
fracture mechanics approaches seem to be more appropriate [161]. In fracture-based approaches, the 
degradation parameter is usually the bond fracture energy or the critical energy release rate. For 
generalizing the results presented, the changes in the fracture energy due to moisture ingress is 








G            (4.1) 
where maxP  is the debonding strength, fb  is the FRP width, fE  is the FRP elastic modulus, and ft  
is the FRP thickness. The average bond fracture energy value reaches 0.45 N/mm for the reference 
specimens. Changes in the fracture energy of the specimens due to hygrothermal conditions are 
presented in Figure 4-9. It can be observed that in the first 12 weeks of exposure there is no 
degradation in the interfacial fracture energy. However, significant degradation occurs after 12 
weeks and it continues until 20 weeks of immersion. It seems that after 20 weeks of immersion, the 
fracture energy has reached a residual value with 40% degradation comparing to its initial value. A 
similar degradation trend has also been reported by Ouyang and Wan [186], although they observed 
that the reduction in the mode I fracture energy in FRP-strengthened concrete specimens starts after 
two weeks of water immersion. 
 





















Immersion time (weeks)  
Figure 4-9: Changes in the average interfacial fracture energy with immersion time. 
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Assuming that the FRP width and thickness are constant during the water immersion tests, 
the debonding force is directly related to the square root of interfacial fracture energy and FRP 
elastic modulus, see Eq. (4.1). Therefore, the participation of each factor in degradation of 
debonding force can be obtained by plotting the changes in the normalized square root of fracture 
energy and FRP elastic modulus, see Figure 4-10. It can be concluded, from this graph, that in the 
first 12 weeks of exposure, the observed degradation in the debonding force is due to the 
degradation in the stiffness of GFRP composite. After 12 weeks of exposure, the stiffness of GFRP 
does not change significantly. On the contrary, the degradation of interfacial fracture energy occurs 
in this period which makes it the governing degradation mechanism after 12 weeks of exposure. 
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Figure 4-10: Degradation mechanisms in the bond behavior. 
 
Regarding the failure mode, a cohesive failure mode was mainly observed in the specimens 
in all exposure periods, see Figure 4-11. However, the thickness of the detached layer decreased 
with time up to a thin layer equal to the primer impregnated thickness. As stated above, the fracture 
surface has moved to the brick/primer interface with the increase of water content at the interface, 
as reported in [160, 166, 186]. 
 
 
Figure 4-11: Failure mode of the specimens in shear bond tests. 
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4.3 Durability predictions 
The observed degradation in the bond behavior and material properties has been modeled with the 
predictive decay models. Prediction of materials degradation and changes in the performance of 
structural components during the service life of the structures is of crucial importance for design 
and health assessment procedures. The detailed analysis procedures and predictions of each model 
are detailed in this section. Suitable life prediction models, addressed in sec. 2.4, are used for this 
purpose. 
 
4.3.1 Arrhenius rate degradation model 
Since the water immersion tests are performed only at 23°C, the Arrhenius reaction model is 
independent of the temperature. The kinetic rate equation, Eq.(2.19), can therefore be rewritten as: 
0ln PtCP            (4.2) 




BC            (4.3) 
In general, the parameter C includes the activation energy and temperature effects. However, as 
explained, this parameter is constant in this study and can be derived by performing a linear 
regression analysis. For applying this model to the results obtained from the water immersion tests, 
the strength degradation in epoxy resin, GFRP coupons and bond is plotted against the logarithm of 
time (in days) in Figure 4-12 and Figure 4-13. The straight lines in these figures represent the fitted 
curves obtained from linear regression analysis, also tabulated in Table 4-1. Since the natural 
logarithm of time at zero days is mathematically undefined, “  day” for the unconditioned 
specimens has been replaced by “1 day” in the calculations. 
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(a) (b) 
Figure 4-12: Arrhenius model for epoxy and GFRP: (a) tensile strength; (b) elastic modulus. 
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Figure 4-13: Arrhenius model for debonding force.  
 
Table 4-1: Arrhenius type prediction models. 
Specimen/property Fitted model R
2
 
Epoxy resin/tensile strength P/P0=1-0.038×ln(t) 0.87 
Epoxy resin/elastic modulus P/P0=1-0.079×ln(t) 0.87 
GFRP/tensile strength P/P0=1-0.052×ln(t) 0.70 
GFRP/ elastic modulus P/P0=1-0.067×ln(t) 0.85 
GFRP-brick/debonding force P/P0=1-0.05×ln(t) 0.60 
GFRP-brick/pull-off strength P/P0=1-0.088×ln(t) 0.71 
 
The percent error in the predictions for each material is presented in Table 4-2 to Table 4-4. 
For the epoxy resin, the accuracy of the model for predicting the tensile strength is relatively good, 
with errors up to 7.5% and an average error of 5.4% (in absolute value), see Table 4-2. The model 
presents larger error for predicting the elastic modulus (up to 15.6%, average of 2.5%) with the 
maximum error being at 4 and 12 weeks of exposure. These errors can be due to the post-curing of 
the epoxy resin. In reality, the mechanical performance of epoxy resin may increase in the first 
periods of exposure due to the post-curing effects and therefore the mechanical degradation is 
balanced. Isolation of this effect from the experimental results is a complex task and has not been 
done in this study. Arrhenius model can only model degradations and do not consider the post-
curing behavior of the material. This leads to large errors in the first periods of exposure, but the 
error decreases with exposure time when the post-curing effects diminish. For the GFRP, the error 
range is up to 17.5% (average of 7.6%) and 12.9% (average of 5.2%) for the tensile strength and the 
elastic modulus, respectively. The error in prediction of the debonding force is up to 15.9% 
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(average of 9.9%) and for the pull-off strength is up to 27.9% (average of 14.8%), indicating the 
poor fitness of the model for the latter case. 
It should also be noted that the comparisons are made between the predictions and average 
experimental results. The model predictions are plotted against experimental results with the 
corresponding standard deviations in sec 4.3.5 below. The scatter of experimental results minimizes 
the actual error in many cases. However, it will be shown that even with considering the 
experimental scatter, the prediction for pull-off strength and debonding force are relatively poor. 
 
Table 4-2: Arrhenius model error for predicting the mechanical properties of epoxy resin. 
Immersion 
time (days) 
fte/fte0 Err. (%) Ete/Ete0 Err. (%) 
1 1.00 0.0 1.00 0.0 
30 0.86 -4.3 0.71 -12.4 
60 0.86 -2.0 0.70 -1.9 
90 0.85 -0.6 0.69 15.6 
120 0.82 -2.2 0.62 1.1 
140 0.80 0.7 0.59 3.3 
170 0.80 7.5 0.57 -3.6 
Average Err.   5.4   2.5 
 
Table 4-3: Arrhenius model error for predicting the mechanical properties of GFRP. 
Immersion 
time (days) 
ftf/ftf0 Err. (%) Etf/Etf0 Err. (%) 
1 1.00 0.0 1.00 0.0 
30 0.81 -10.9 0.76 -12.9 
60 0.80 -3.2 0.75 -5.5 
90 0.79 -3.7 0.74 5.8 
120 0.75 -8.0 0.68 6.7 
140 0.73 9.9 0.66 3.8 
170 0.72 17.5 0.64 2.0 
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Table 4-4: Arrhenius model error for predicting the bond behavior. 
Immersion 
time (days) 







1 1.00 0.0 1.00 0.0 
30 0.82 -15.7 0.68 -23.6 
60 0.81 -9.9 0.67 -13.3 
90 0.80 -7.8 0.65 15.7 
120 0.76 5.6 0.58 -6.7 
140 0.74 14.3 0.55 27.9 
170 0.73 15.9 0.53 16.5 
Average Err.   9.9   14.8 
 
4.3.2 Time-Temperature-Moisture superposition model 
Again, since the water immersion tests have been performed in only 23°C, temperature dependent 
variables in these models become constant. For the Phani and Bose [209] model, explained in sec. 
2.4.3, the changes in the mechanical properties of the materials are plotted against time (in days) in 
Figure 4-14 and Figure 4-15. Eq. (2.24) is then fitted to the experimental data by performing a 
regression analysis. The obtained prediction models are also tabulated in Table 4-5. The high values 
of R
2
 for the prediction curves show the suitability of the exponential degradation models for this 
problem. 
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(a) (b) 
Figure 4-14: Exponential model for predicting the degradation in epoxy resin and GFRP: (a) tensile 
strength; (b) elastic modulus. 
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Figure 4-15: Exponential model for model for predicting the degradation in debonding force. 
 
Table 4-5: Exponential fitted prediction models. 
Specimen/property Exponential relationship R
2
 
Epoxy resin/tensile strength P/P0=0.7+0.3exp(-t/117.54) 0.92 
Epoxy resin/elastic modulus P/P0=0.6+0.4exp(-t/40.18) 0.97 
GFRP/tensile strength P/P0=0.6+0.4exp(-t/113.17) 0.85 
GFRP/elastic modulus P/P0=0.6+0.4exp(-t/65.62) 0.98 
GFRP-brick/debonding force P/P0=0.45+0.6exp(-t/163.72) 0.90 
GFRP-brick/pull-off P/P0=0.45+0.6exp(-t/70.57) 0.90 
 
The percent error in the predictions for each material is presented in Table 4-6 to Table 4-8. 
For the epoxy resin, the accuracy of the model for predicting the tensile strength is relatively good, 
with errors up to 4.3% (average of 2.1%), see Table 4-6. The model presents larger errors for 
predicting the elastic modulus (up to 8.1%, average of 3.3%) with the maximum errors being at 8 
and 12 weeks of exposure. For the GFRP, the error range is up to 12.7% (average of 5.1%) and up 
to 4.5% (average of 2.2%) for the tensile strength and elastic modulus, respectively. The error in 
prediction of the debonding force is up to 8.7% (average of 5.1%) and for the pull-off strength is up 
to 24.6% (average of 10.5%), again indicating the poor fitness of the model for pull-off strength 
prediction. 
In general, the exponential decay model has a reasonable accuracy in predicting the 
degradation of bond and material properties. However, it should be noted that the predictions are 
made for short periods of exposure and using them long-term predictions may be misleading unless 
extensive long-term experimental tests are performed. 
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Table 4-6: Model error for predicting the mechanical properties of epoxy resin. 
Immersion 
time (days) 
fte/fte0 Err. (%) Ete/Ete0 Err. (%) 
0 1.00 0.0 1.00 0.0 
30 0.93 3.7 0.79 -2.4 
60 0.88 0.9 0.69 -3.1 
90 0.84 -1.7 0.64 8.1 
120 0.81 -3.3 0.62 0.9 
140 0.79 -0.9 0.61 6.5 
170 0.77 4.3 0.61 1.8 
Average Err.   2.1   3.3 
 
Table 4-7: Model error for predicting the mechanical properties of GFRP. 
Immersion 
time (days) 
ftf/ftf0 Err. (%) Etf/Etf0 Err. (%) 
0 1.00 0.0 1.00 0.0 
30 0.91 -0.1 0.86 -1.3 
60 0.84 0.9 0.76 -3.4 
90 0.78 -5.2 0.70 1.2 
120 0.74 -9.4 0.67 4.5 
140 0.72 7.6 0.65 2.6 
170 0.69 12.7 0.63 0.7 
Average Err.   5.1   2.0 
 
Table 4-8: Model error for predicting the bond behavior. 
Immersion 
time (days) 







0 1.05 5.0 1.05 5.0 
30 0.95 -1.8 0.85 -4.7 
60 0.87 -3.5 0.71 -7.7 
90 0.80 -8.2 0.62 10.0 
120 0.74 2.8 0.56 -9.5 
140 0.71 8.7 0.53 24.6 
170 0.66 5.4 0.50 11.9 
Average Err.   5.1   10.5 
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For using the model proposed by Chamis [210], Eq.(2.25), it is necessary to have the 
changes in the Tg of the polymer with water uptake. Since the Tg of the epoxy resin is only 
characterized at the dry state in this study, its changes are modeled with the aim of predictive 
models presented in sec. 2.4.3, see Eqs. (2.27, 2.29, 2.31). 
The input parameters and calculation details for obtaining the wet Tg during the water 
immersion tests are presented in Table 4-9 to Table 4-12. It can be observed that, besides the Fox 
equation, the two other models give similar results for the wet Tg. Therefore the average of the Tg 






Table 4-9: Input parameters for calculating the wet Tg. 



























       Tgp -203.15 K
-1
 
       Tgd -273.15 K
-1
               
 










0 0.00 70.00 
30 0.52 66.45 
60 0.60 65.93 
90 0.80 64.62 
120 0.95 63.67 
140 1.00 63.35 
170 1.10 62.72 
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0 0.00 0.0000 1.0000 -203.15 70.00 
30 0.52 0.0052 0.9948 -207.25 65.90 
60 0.60 0.0060 0.9940 -207.84 65.31 
90 0.80 0.0080 0.9921 -209.27 63.88 
120 0.95 0.0095 0.9906 -210.30 62.85 
140 1.00 0.0100 0.9901 -210.63 62.52 
170 1.10 0.0110 0.9891 -211.30 61.85 
 













0 0.00 0.0000 1.0000 -203.15 70.00 
30 0.52 0.0052 0.9948 -203.42 69.73 
60 0.60 0.0060 0.9940 -203.46 69.69 
90 0.80 0.0079 0.9921 -203.56 69.59 
120 0.95 0.0094 0.9906 -203.64 69.51 
140 1.00 0.0099 0.9901 -203.67 69.48 
170 1.10 0.0109 0.9891 -203.72 69.43 
 
Having the wet Tg, the Chamis [210] model, Eq. (2.25) can be used for predicting the 
degradation of material properties due to water immersion. The model has only been used for 
predicting the degradation in epoxy resin. The changes in mechanical properties of the epoxy resin 
together with the prediction model are shown in Figure 4-16. The model has been used with two 
different n values of 0.5 (proposed by Chamis [210]), 0.9. It can be observed that the model with 
n=0.5 does not have a good accuracy, while when n=0.9 is selected reasonable results are obtained 
for the epoxy tensile strength. However, it seems higher values of n is required for predicting the 
degradation in elastic modulus. 
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Figure 4-16: Chamis [210] model for predicting the degradation epoxy resin. 
 
The poor fitness of the model can be due to the fact that the wet Tg is obtained with 
simplified predictive models. Moreover, this model assumes the same degradation trends for both 
the tensile strength and the elastic modulus which is in opposition to the experimental observations 
in this study. 
 
4.3.3 Moisture level dependent model 
The degradation model proposed by Nakamura et al. [220], Eq.(2.39), is used only for predicting 
the degradation in mechanical properties of epoxy resin and GFRP materials. For the bond 
behavior, since the specimens’ weight is governed by the brick water absorption, the model cannot 
accurately predict the observed degradation. The brick is a porous material and it absorbs a large 
amount of water during the first days of water immersion which leads to the saturation condition 
quickly (usually in one day). Thereafter, the changes in the specimen’s weight are rather small and 
therefore this degradation model predicts very small degradation in the bond behavior in contrary to 
the experimental observations. For modeling the bond degradation, using time-dependent models, 
exponential decay models, or models based on the interfacial relative humidity, e.g. Ouyang and 
Wan [185], are more suitable. In the latter case, laboratorial or on-site measurement of the 
interfacial relative humidity is a complicated task. In addition, numerical modeling of the interfacial 
relative humidity requires simplified assumptions for the boundary conditions and transfer 
phenomenon. 
The change of the materials mechanical properties is plotted against moisture level (Mt/Mu) 
in Figure 4-17. Eq. (2.39) is then fitted to the experimental data and the obtained prediction models 
are also tabulated in Table 4-13. 
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Figure 4-17: Moisture dependent model for predicting the degradation in epoxy resin and GFRP: 
(a) tensile strength; (b) elastic modulus. 
 
Table 4-13: Moisture dependent prediction models. 
Specimen/property Fitted model R
2
 
Epoxy resin/tensile strength P/P0=1.0-0.33Mt/M∞ 0.93 
Epoxy resin/elastic modulus P/P0=1.0-0.69Mt/M∞ 0.93 
GFRP/tensile strength P/P0=1.0-0.27Mt/M∞ 0.67 
GFRP/elastic modulus P/P0=1.0-0.35Mt/M∞ 0.90 
 
With the exception of the predictions for the GFRP tensile strength (R
2
=0.67), the 
predictions have generally excellent accuracy (R
2
>0.90). The percentage error of predictions for 
each material is presented in Table 4-14 and Table 4-15. For epoxy resin, the error for the tensile 
strength is up to 5.5% with average of 1.7%, while for the elastic modulus is up to 11.8% (average 
of 4.7%), see Table 4-14. For the GFRP coupons, the error range is up to 19.6% (average of 8.2%) 
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Table 4-14: Model error for predicting the mechanical properties of epoxy resin. 
Immersion 
time (days) 
fte/fte0 Err. (%) Ete/Ete0 Err. (%) 
0 1.00 0.0 1.00 0.0 
30 0.90 -0.5 0.78 -3.8 
60 0.88 0.8 0.75 4.9 
90 0.84 -1.7 0.67 11.8 
120 0.81 -3.2 0.60 -2.0 
140 0.80 0.1 0.58 1.1 
170 0.78 5.5 0.54 -9.3 
Average Err.   1.7   4.7 
 
Table 4-15: Model error for predicting the mechanical properties of GFRP. 
Immersion 
time (days) 
ftf/ftf0 Err. (%) Etf/Etf0 Err. (%) 
0 1.00 0.0 1.00 0.0 
30 0.83 -8.8 0.78 -10.2 
60 0.81 -2.2 0.76 -4.3 
90 0.77 -7.1 0.70 0.4 
120 0.74 -9.5 0.66 3.8 
140 0.74 10.3 0.66 4.0 
170 0.73 19.6 0.65 4.3 
Average Err.   8.2   3.8 
 
4.3.4 Proposed model 
The available models can simulate the mechanical degradation of epoxy resin and GFRP composite 
with reasonable accuracy. Among the investigated models, the exponential decay (Table 4-5) and 
moisture dependent (Table 4-13) models have the highest accuracy for predicting the mechanical 
properties of epoxy resin and GFRP and are proposed for prediction purposes. 
Models for predicting the degradation of the bond behavior are scarce. Based on the 
experimental observations, a degradation model is proposed in this section for predicting the bond 
performance in FRP-strengthened masonry.  
The degradation of the bond behavior observed in the experimental tests is very similar to 
the typical degradation curve of the bonded systems attacked by interfacial degradation and 
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plasticization [119], see Figure 2-4. Therefore, the model is proposed based on the three 
degradation stages explained by Bowditch [119], see sec. 2.2.1. 
The model assumes no degradation in the bond behavior until reaching a critical water limit, 
after which the degradation starts. The degradation then continues until the solubility limit. After 
this limit the degradation rate is very slow and the system reaches a residual strength. The proposed 






























      (4.5) 
where t is the time in days, tl is the time lag for starting the degradation. The time lag for starting the 
degradation is a combination of: (a) the time required for the interfacial water content to reach a 
critical value and (b) the time required for the chemical reactions and degradation to occur. 
Quantification of these factors requires an extensive experimental and numerical investigation and 
is out of the scope of this study. According to the experimental results in the present study this limit 
is reached after 4 weeks of water immersion. 
Having the model for degradation of debonding force (Eq. 4.4) and the GFRP elastic 
modulus (Table 4-5), the degradation of bond fracture energy, required for numerical purposes, can 
be obtained according to Eq. (4.1).  
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Figure 4-18: Proposed model for degradation in: (a) debonding force; (b) pull-off strength. 
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4.3.5 Comparison between the adopted models 
A comparison is made here between different degradation models and the experimental results, see 
Figure 4-19 to Figure 4-21. For the epoxy resin and GFRP, it can be observed that when the scatter 
of the experimental results is considered, all the models have reasonable accuracy. For the bond 
behavior, both the exponential model and the proposed models (Eqs. 4.4, 4.5) have a reasonable 
accuracy, although the proposed model follows the average experimental results perfectly. The 
Arrhenius model shows less accuracy in predicting the bond degradation. 
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Figure 4-19: Comparison between experimental results and prediction models for epoxy resin: 
(a) tensile strength; (b) elastic modulus. 
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Figure 4-20: Comparison between experimental results and prediction models for GFRP: (a) tensile 
strength; (b) elastic modulus. 
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Figure 4-21: Comparison between experimental results and prediction models for bond behavior: 
(a) debonding force; (b) pull-off strength. 
 
The long-term performance of bond and material mechanical properties are simulated with 
the models, see Table 4-16 and Table 4-17. The predictions are made for 50, 125 and 200 years as 
the usual seismic strengthening objectives for historical masonry. It seems that the exponential 
model has reached a residual value giving the same degradation level for all exposure periods. The 
Arrhenius model gives much higher degradation levels for epoxy and GFRP elastic modulus and 
also the bond pull-off strength comparing to the exponential model. For the bond strength, 49% and 
54% reductions after 50 and 125 years is obtained with the Arrhenius model and the exponential 
model leads to 49% reduction for both exposure periods.  
 
Table 4-16: Long-term predictions of Arrhenius model. 
Material Properties 
Duration (years) 
50 125 200 
Epoxy 
fte/fte0 0.63 0.59 0.57 
Ete/Ete0 0.22 0.15 0.12 
GFRP 
ftfe/ftfe0 0.49 0.44 0.42 
Etfe/Etfe0 0.34 0.28 0.25 
Bond 
Pe/P0 (shear) 0.51 0.46 0.44 




86 | Durability analysis of bond between composite materials and masonry substrates 
 
 
Table 4-17: Long-term predictions of exponential model. 
Material Properties 
Duration (years) 
50 125 200 
Epoxy 
fte/fte0 0.7 0.7 0.7 
Ete/Ete0 0.6 0.6 0.6 
GFRP 
ftfe/ftfe0 0.6 0.6 0.6 
Etfe/Etfe0 0.6 0.6 0.6 
Bond 
Pe/P0 (shear) 0.45 0.45 0.45 
Pe/P0 (pull-off) 0.45 0.45 0.45 
Bond 
(proposed) 
Pe/P0 (shear) 0.61 0.61 0.61 
Pe/P0 (pull-off) 0.43 0.43 0.43 
 
4.4 Conclusions 
The results of an experimental investigation on water induced degradation in the bond between 
GFRP composites and masonry bricks were presented, demonstrating that: 
 Water immersion leads to a reduction of mechanical properties of material constituents. 
Compressive strength of masonry bricks reduced 25% after 24 weeks of water immersion. A 
similar reduction was also observed in the tensile strength of epoxy resin. However, the 
reduction in tensile strength of GFRP fabric was 40% at the end of ageing, which is due to 
the reduction in the mechanical properties of epoxy resin and the degradation of epoxy/fiber 
interfaces. The elastic modulus of epoxy resin and GFRP fabric also decreased with time, 
about 40% after 24 weeks of water immersion. 
 The pull-off strength of the specimens decreased significantly (about 60%) after 24 weeks of 
immersion. However, the results obtained from pull-off tests are not completely consistent 
with the shear bond tests, where a different degradation trend was observed. The failure 
mode remained cohesive during the tests but the fracture surface moved from the brick to 
the brick/primer interface. 
 Shear bond tests showed that the ductility of the bond behavior increases with immersion 
time in the tested specimens. The bond strength and stiffness were observed to decrease, 
while the debonding slip increased. It was observed that the degradation in the bond strength 
and stiffness diminishes with time and possibly a residual value is obtained after a certain 
immersion time. However, performing water immersion tests for longer periods is necessary 
for having a clear idea about the degradation trend upon time. A similar degradation was 
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also observed in interfacial fracture energy. The failure mode was cohesive in all the 
specimens, with the fracture surface inside the brick. However, the fracture surface moved 
towards the brick/primer interface with time. 
 Available predictive models were used for modeling the observed degradation in the 
material properties and bond behavior. It was observed that the moisture dependent and 
exponential degradation models predict the degradation in mechanical properties of epoxy 
resin and GFRP with a reasonable accuracy, and therefore are proposed to be used for 
numerical purposes. For the bond behavior a degradation model is proposed based on the 
typical degradation trend of bonded systems. It was observed that the proposed model 
perfectly follows the experimental trend (for the short-term tests performed here). Based on 
the proposed predictive models, the long-term performance of the bond behavior and 
material properties were simulated leading to 49% reduction of bond strength after 50 years. 
However, special care should be taken for extending the short-term degradation models for 
long-term predictions, as a fully validated predictive model requires performing extensive 
long-term experimental tests. 
 














5 Hygrothermal induced degradations 
The experimental results obtained from the post-ageing tests on the specimens exposed to 
hygrothermal conditions are presented and discussed in this chapter. The results are presented in 
terms of the degradation of material mechanical properties and bond between GFRP and bricks. 
Finally, some of the analytical models presented in sec. 2.4 have been adopted and used for 
durability predictions. 
 
5.1 Material properties 
5.1.1 Brick 
The changes in the compressive strength of bricks due to the hygrothermal exposures are shown in 
Figure 5-1 and Figure 5-2. The change in the bricks compressive strength is negligible in all 
exposure conditions with a low CoV (maximum 10%). The results show the good resistance of the 
bricks to the environmental exposures considered in this study. 
 











































Figure 5-1: Degradation of bricks compressive strength due to exposures: (a) HT1; (b) HT2. 
























Figure 5-2: Degradation of bricks compressive strength due to FT exposure. 
 
5.1.2 Epoxy resin 
The changes in mechanical properties of epoxy resin, namely elastic modulus and tensile strength, 
are presented in Figure 5-3 to Figure 5-5. A similar degradation is observed in elastic modulus and 
tensile strength, see Figure 5-7. For the elastic modulus, the degradation after 225 cycles is 7%, 7% 
and 3% for exposures HT1, HT2 and FT, respectively. Meanwhile for the tensile strength HT1 
induced 20% reduction after 225 cycles of exposure being two times more than the corresponding 
degradation due to HT2 and FT (10% reduction in both exposures). The total observed degradation 
in epoxy tensile strength is 14% and 8% in HT2 and FT exposures, respectively. The results show 
that the epoxy resin used in this study has less durability in high humid environments (exposure 
HT1), although longer cycles of exposure are needed for a clear conclusion for exposures HT1 and 
FT. The CoVs of the tests in all exposures were in the range of 2% to 13% which seem reasonable 
for testing material properties [261]. 
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Figure 5-3: Effect of exposure HT1 on epoxy resin: (a) elastic modulus; (b) tensile strength. 
 








































Figure 5-4: Effect of exposure HT2 on epoxy resin: (a) elastic modulus; (b) tensile strength. 
 








































Figure 5-5: Effect of exposure FT on epoxy resin: (a) elastic modulus; (b) tensile strength. 
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Figure 5-6: Comparison between degradation of elastic modulus and tensile strength. 
 
To provide a clearer baseline for comparison, the observed degradation in all exposure 
conditions is plotted in the same graph in terms of normalized property against square number of 
cycles (N
2
), see Figure 5-7. The mechanical properties are normalized to the unconditioned 
mechanical property and, due to the cyclic nature of the considered exposures, the exposure cycles 
are presented in a logarithmic scale. The observed reduction in mechanical properties can be due to 
different degradation mechanisms.  
Exposure HT2 consists of thermal cycles in a low relative humidity environment (60% 
R.H.). The active degrading mechanisms in this exposure include thermal fatigue, thermal ageing 
and epoxy post-curing. Exposure to high temperatures below the epoxy Tg results in an increment of 
moisture diffusion coefficient and epoxy post-curing [129]. While the former leads to higher 
moisture uptake and consequently higher mechanical degradation, the latter can cause an 
improvement in the mechanical properties. On the other hand, thermal cycles can induce thermal 
fatigue in the specimens. The results show that the balanced effect of these mechanisms has resulted 
in a small degradation in the mechanical properties of the epoxy resin used in this study. The 
relatively constant weight of the specimens during the exposure shows that water absorption was 
negligible and therefore moisture attack was not the main degrading mechanism in this exposure.  
In exposure HT1, thermal cycles are combined with high relative humidity conditions (90% 
R.H.) representing a wet environment. Therefore, in this exposure moisture degradation 
mechanisms are added to the active degrading mechanisms in exposure HT2. Moisture exposure 
causes plasticization and hydrolysis of epoxy resin [129, 262, 263]. The water absorbed by the 
epoxy resin acts as a plasticizer, and the result of plasticization is usually a reduction of Tg and 
mechanical properties of epoxy resin [249]. In long exposure periods, the possibility of resin 
degradation increases while hydrolytic reactions or chain scission may also occur, which can 
strongly affect the resin performance [249]. The observed increase in the degradation rate after 120 
cycles of HT1 exposure can be due to this fact. The moisture additional induced degradation in the 
mechanical properties of epoxy resin can be clearly observed in Figure 5-7. Moisture attack has 
resulted in earlier initiation and higher levels of degradation. Although, as also stated before, 
extending the exposure HT1 and FT to longer periods is necessary for a clear conclusion. 
Exposure FT induces thermal cycles with high relative humidity conditions in low 
temperatures. The difference of this exposure with exposure HT1 is that the specimens are 
additionally exposed to freeze conditions which, depending on the porosity of the material, may 
cause additional degradation in the specimens. On the other hand, since the moisture uptake during 
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the freezing period is negligible, the specimens absorb less water comparing to the exposure HT1. 
This results in less moisture induced degradations in the specimens. The balanced effect of all 
active mechanisms resulted in less reduction of mechanical properties comparing to exposure HT1, 










































































Figure 5-7: Epoxy degradation due to different exposures: (a) elastic modulus; (b) tensile strength. 
 
5.1.3 GFRP 
The changes in mechanical properties of GFRP coupons together with the scatter of the 
experimental results are presented in Figure 5-8 to Figure 5-10. Again, a relatively similar 
degradation trend is observed in elastic modulus and tensile strength, with exposure HT1 inducing 
the most degradation in the specimens, as expected. The elastic modulus and tensile strength of 
GFRP decreased 23% and 22%, respectively, after 225 cycles of HT1 exposure corresponding to 
9% and 13% reductions in HT2, and 14% and 7% in FT exposure. The total observed reduction for 
the elastic modulus and the tensile strength was 22% and 13% in HT2 exposure showing that the 
degradation in HT2 exposure has reached a residual value. However, reaching a residual value in 
HT1 and FT exposure cannot be easily concluded at this stage. The CoVs of the experimental 
results in both exposures were in the range of 5% to 12% which are again typical for testing 
material properties [261]. 
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Figure 5-8: Effect of HT1 exposure on GFRP coupons: (a) elastic modulus; (b) tensile strength. 
 















































Figure 5-9: Effect of HT2 exposure on GFRP coupons: (a) elastic modulus; (b) tensile strength. 
 















































Figure 5-10: Effect of FT exposure on GFRP coupons: (a) elastic modulus; (b) tensile strength. 
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The observed degradation can be attributed to different degrading mechanisms. Exposure to 
temperature cycles, besides the above mentioned effects on the matrix, may cause interfacial micro-
cracking due to the difference between thermal expansion coefficients of glass fibers and epoxy 
resin [266, 267]. The thermal expansion coefficient of E-glass fibers is around 5×10
-6  C, while for 
the epoxy resin is in the range of 3~5×10
-5  C [1]. This one-order magnitude difference of thermal 
expansion coefficient produces large interfacial thermal strains at the fiber/epoxy interfaces. In 
conclusion, the observed degradation in the specimens in HT2 conditions can be a combination of 
epoxy post-curing, induced thermal fatigue, and the thermal mismatch between epoxy resin and 
glass fibers. In wet environments (HT1 and FT exposure), GFRP coupons absorb moisture which 
causes degradation in the epoxy resin properties, as described before. Moreover, the water attacks 
glass fibers resulting in degradation of their mechanical properties and surface energy. The 
fiber/epoxy interface may also degrade due to the degradation of fiber and epoxy resin and also the 
produced osmotic pressure at the interface [88]. This has resulted in more degradation in the 
specimens exposed to HT1 conditions comparing to the specimens exposed to HT2 conditions, see 
Figure 5-11. Meanwhile, the degradation observed in specimens exposed to FT conditions is less 
than HT1 exposure conditions. This difference can be due to the lower moisture uptake of the 
specimens in FT exposure, as explained before. Moreover, it has been reported that the thermal 
expansion coefficient of epoxy resins is much lower at low and negative temperatures [268]. This 
reduction of epoxy thermal expansion coefficient makes it closer to the glass fibers thermal 













































































































Figure 5-11: Effect of exposures on GFRP properties: (a) elastic modulus; (b) tensile strength. 
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5.2 Bond behavior 
The changes in the bond behavior due to environmental conditions have been investigated 
qualitatively (using visual inspection and IR thermography) and quantitatively (using shear 
debonding tests). The observations and detailed discussion of the results are presented next. 
 
5.2.1 Visual inspection 
All specimens have been visually inspected periodically, before performing the debonding tests, for 
investigating the existence of visible interfacial damage or FRP delamination. Although due to the 
transparency of the epoxy resin, FRP delamination was observable with visual inspection, IR 
thermography tests have also been performed on some specimens for a better characterization, see 
Chapter 6. In general, progressive FRP delamination was observed in the specimens as the exposure 
cycles increased. The delaminations, being at the FRP/brick interface, were generally larger in 
specimens subjected to HT1 cycles. Figure 5-12 and Figure 5-13 present the average reduction of 
bonded area, due to FRP delamination, normalized by the initial bonded area with exposure time. 
The values are presented as the average of the five inspected specimens. One representative 
specimen in each exposure period is also shown in these graphs. 
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(a) (b) 
Figure 5-12: Reduction of the bonded area due to exposures: (a) HT1; (b) HT2. 
 
Chapter 5: Hygrothermal induced degradations 97 
 
 

























Figure 5-13: Reduction of the bonded area due to FT exposure. 
 
To provide a better baseline for comparison between different exposures, average equivalent 
debonding length growth with exposure cycles is plotted in the same graph for all exposure 
conditions, see Figure 5-14. The equivalent debonding length is obtained as the debonded area 
divided by FRP width. This parameter, while providing a clear idea of the debonding progress, is 
useful for numerical simulations when two-dimensional models are adopted (as is the case for most 
situations). 
The observed delamination in the specimens can be attributed to the thermal incompatibility 
between the composite material and the brick used in this study. The thermal expansion coefficient 
of clay bricks is in order of 5×10
-6  C [125]. The thermal expansion coefficient of E-glass fibers is 
similar to the one from the bricks, while for epoxy resin it is in the range of 30~54×10
-6  C [1]. This 
large difference of thermal expansion coefficient, between epoxy resin and glass fibers/bricks, 
produces interfacial thermal strains at the fiber/epoxy and brick/epoxy interfaces. Cyclic 
temperature conditions amplify this effect by producing thermal fatigue and may cause FRP 
delamination from the brick surface during the environmental exposures. On the other hand, it has 
been observed that the thermal expansion coefficient of epoxy resins is much lower at low and 
negative temperatures [268]. Therefore, the interfacial strains produced due to thermal 
incompatibility are lower for the freeze-thaw conditions. This explains the smaller delaminated 
areas observed in the specimens exposed to the FT conditions in this study. A comparison between 
exposures HT1 and HT2 shows that the moisture presence has resulted in larger debonded areas in 
specimens exposed to HT1 exposure, confirming the accelerating effect of moisture on the 
debonding crack growth rate. The moisture presence has resulted in larger debonded areas in 
specimens exposed to HT1 exposure.  
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The observed debonding growth shows the critical effect of water attack on the debonding 
growth rate. The delamination in the specimens exposed to FT conditions is small with a linear 
incremental trend. The specimens exposed to HT2 conditions also show a linear debonding growth 
with a relatively slow rate (similar to FT conditions). However, the debonding growth in the 
specimens exposed to HT1 conditions is rather large with an exponential incremental rate.  
 




























Figure 5-14: Debonded length growth for the specimens with exposure cycles. 
 
5.2.2 Single-lap shear bond tests 
The effect of different exposures on the debonding force is presented in Figure 5-15. The debonding 
force has been progressively decreased with the number of exposure cycles. The debonding force 
decreased 45%, 20% and 5% after 225 cycles of HT1, HT2 and FT exposures, respectively. The 
average reduction of debonding force is 13% at the end of both HT2 and FT exposures. Again, it 
seems that the degradation has reached a residual value in exposure HT2. The lower observed 
degradation at the end of exposure HT2, 13%, comparing to 20% reduction after 225 cycles can be 
attributed to the scatter of experimental results. Moreover, the debonding behavior changed from a 
brittle failure mode to a progressive and less brittle failure mode in exposures HT1 and FT. Similar 
changes in the bond behavior have also been reported in the literature for the specimens exposed to 
freeze-thaw and wet-dry cycles, see e.g. [269]. 
A comparison between the obtained results shows that HT1 exposure induces higher 
degradation on the specimens used in this study, see Figure 5-16. The observed degradation in the 
specimens exposed to HT1 can be attributed to the thermal fatigue and mismatch between 
epoxy/fiber and epoxy/brick. The higher degradation observed in specimens exposed to HT1 is due 
to the moisture attack to the interfacial bond between FRP composite and brick and also to the 
constituent materials. The least degradation has occurred in specimens exposed to FT conditions. 





























































































Figure 5-15: Debonding force degradation due to exposure: (a) HT1; (b) HT2; (c) FT. 
 



























































































Figure 5-16: Debonding force comparison between: (a) HT1 and FT; (b) HT1 and HT2. 
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The changes in the debonding fracture energy, obtained according to Eq. (4.1), are plotted in 
Figure 5-17. The average bond fracture energy value reaches 0.45 N/mm for the reference 
specimens. The fracture energy has moderate changes due to FT conditions (with a 20% reduction 
at the end of exposure), while a large degradation is observed in the specimens exposed to HT1 
conditions (60% total reduction at the end of exposure), see Figure 5-17(a). It seems that the 
interfacial fracture energy has reached a residual value in exposure HT2, see Figure 5-17(b). A 
comparison between HT1 and HT2 exposure, shows that the moisture affects the interfacial fracture 
energy to a large extent. The interfacial fracture energy in exposure HT1 may have reached a 
residual value as well, although performing longer exposure periods is necessary for a clear 
conclusion.  
 





























































Figure 5-17: Fracture energy comparison between: (a) HT1 and FT; (b) HT1 and HT2. 
 
Assuming that the FRP width and thickness are constant during the hygrothermal exposures, 
the debonding force is directly related to the square root of interfacial fracture energy and FRP 
elastic modulus, see Eq. (4.1). Therefore, the participation of each factor in the degradation of the 
debonding force can be obtained by plotting the changes in the normalized square root of fracture 
energy and FRP elastic modulus as shown in Figure 5-18 and Figure 5-19. 
In exposure HT2, see Figure 5-18(b), the degradation of fracture energy and FRP stiffness 
has similar effects on the global bond behavior, with the fracture energy having a larger 
contribution in the bond degradation. The interfacial bond degradation can be attributed to the 
existing thermal incompatibility inside the composite system and FRP-brick interface. However, 
when moisture exist in the environment, such as for exposure HT1, the interfacial degradation of 
the bond has a major effect on the global bond degradation when compared to the FRP elastic 
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modulus, see Figure 5-18(a). This was expected as moisture is known to cause degradation in the 
bond strength and fracture energy [166, 186, 262]. 
In exposure FT, see Figure 5-19, the effect of FRP mechanical properties and interfacial 
behavior is similar in the observed degradation. The presence of water at the interface region is an 
important factor in degradation due to the freeze-thaw exposure which is directly related to the 
porosity of superficial layer of the bricks [171]. Since the surface layer of the bricks used in this 
study has a low porosity, the observed performance of the system against freeze-thaw conditions 
was expected. Moreover, as explained before, since the thermal expansion coefficient of epoxy 
resins decreases at low temperature, a less relevant thermal incompatibility problem is expected in 
this exposure condition. 
 




































































Figure 5-18: Bond degradation mechanisms in: (a) exposure HT1; (b) exposure HT2. 
 


































Figure 5-19: Bond degradation mechanisms in exposure FT. 
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Regarding the failure mode, four different failures were observed in the specimens: 
(1) cohesive failure within a thick layer of the brick along the bonded length; (2) formation of a 
brick bulb at the free end (3) cohesive failure within a superficial layer of the brick, next denoted by 
interfacial cohesive; (4) adhesive failure at the FRP/brick interface, see Figure 5-20. Formation of 
the brick bulb at the free end occurred within a deep layer of the brick resulting in a similar bond 
behavior (bond strength and debonding mechanism) to the first failure mode. The results obtained 
from acoustic emission tests also confirms the similar fracture propagation and energy release 
between these two failure conditions, see Chapter 6. Therefore, this failure mode has been 
accounted as cohesive failure hereafter. In both exposures HT1 and FT, a progressive change of 
failure mode from cohesive to adhesive was observed in the specimens with the increase of 
exposure cycles, Figure 5-21. Such a change in the failure mode of the specimens, also reported in 
[270], can be attributed to the observed bond degradation during environmental exposures. On the 
contrary, no significant change of failure mode was observed in the specimens exposed to HT2 
conditions. A comparison between failure modes in the specimens exposed to HT1/FT and HT2 
conditions highlights the influence of moisture attack in changing the failure modes to interfacial 
adhesive failure. The contribution of each failure mode in the debonding behavior is presented in 
Figure 5-22 for the exposures HT1 and FT (this graph is not presented for exposure HT2 because 
the failure mode of the specimens did not change during the exposure). These values are obtained 
by measuring the area corresponding to each failure mode on the failure surface of the specimens 
after debonding tests. Then, the average values are obtained from the specimens belonging to each 
exposure period. It can be observed that the contribution of the cohesive failure reduces along time 
and, meanwhile, adhesive failure governs the behavior. 
 
    
(a) (b) (c) (d) 
Figure 5-20: Observed failure modes: (a) cohesive failure with fracture inside the brick; 
(b) formation of a brick bulb at the free end (c) cohesive-adhesive failure; (d) adhesive failure at the 
FRP/brick interface. 
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Figure 5-22: Failure modes contribution in exposures: (a) HT1; (b) FT. 
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5.3 Durability predictions 
The observed degradation of the bond behavior and material properties has been modeled with the 
predictive decay models. The detailed analysis procedures and predictions of each model are 
detailed in this section. It should be noted that using predictive models in accelerated ageing tests 
requires a deep knowledge of the active degradation mechanisms and a large experimental database. 
The experimental results presented here demonstrated the need for performing longer accelerated 
ageing tests especially for exposures HT1 and FT and therefore the predictions made are limited to 
the available data. Even though, the use of prediction models can assist in better understanding 
degradation trends, allow a first comparative study between different exposure conditions and also 
contribute to development of constitutive models for numerical modeling approaches. 
 
5.3.1 Kinetic rate theory model 
For kinetic rate theory model, the strength degradation for epoxy resin, GFRP coupons and bond is 
plotted against the logarithm of exposure cycles in Figure 5-23 to Figure 5-25. The lines in these 
figures represent the fitted curves obtained from linear regression analysis, also tabulated in Table 
5-1. For the HT2 exposure, the regression analysis is performed for the first 300 cycles so that the 
accuracy of the model in predicting the degradation until the end of the tests (820 cycles) can be 
evaluated. Since the logarithm of time at zero days is mathematically undefined, “  day” for the 
unconditioned specimens has been replaced by “1 day” in the calculations. In general, the 





















































































































Figure 5-23: Logarithmic degradation model for epoxy: (a) elastic modulus; (b) tensile strength. 
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Table 5-1: Fitted logarithmic degradation modes. 
Specimen/property Exposure Model 
































































The percent error in the predictions for each exposure is presented in Table 5-2 to Table 5-4. 
The accuracy of the models is relatively good for all mechanical properties. For the epoxy tensile 
strength the error range is up to 11.7%, while the error for the elastic modulus is in the up to 7.4%. 
In general, the maximum error in the tensile strength and the elastic modulus prediction is for HT1 
and HT2 exposures, respectively. For the GFRP coupons, the error range is up to 5.7% and up to 
12.0% for the tensile strength and elastic modulus, respectively. Here, the maximum error in the 
tensile strength and the elastic modulus prediction is for HT2 and FT exposures, respectively. 
Meanwhile, the error in prediction of the debonding force is up to 12.7% and for the bond fracture 
energy is up to 37.3% with the maximum errors in HT1 exposure.  
It can be observed that the predictions for exposure HT2 have reasonable accuracy until the 
end of the tests, although the model is obtained by fitting the experimental data until 300 cycles of 
exposure. This shows the suitability of the adopted model for predicting long-term behavior under 
accelerated ageing conditions, also expected in case of exposure HT1 and FT. 
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0 1.00 0.0 1.00 -0.1 1.00 0.4 0.99 0.0 1.00 0.3 1.05 4.7
60 0.92 2.0 0.97 0.2 0.89 2.7 0.82 -3.7 0.93 -3.8 0.98 -2.1
120 0.90 -5.5 0.96 0.9 0.83 -3.9 0.76 2.8 0.77 -6.4 0.79 -13.7
180 0.90 -5.2 0.95 -1.8 0.80 3.9 0.75 0.8 0.60 12.7 0.54 37.3
225 0.89 11.7 0.94 1.0 0.79 1.2 0.74 -5.7 0.49 -12.0 0.33 -15.6
























0 1.00 0.0 1.00 0.0 1.00 0.1 1.00 0.3 1.00 0.0 1.00 0.0
120 0.92 0.2 0.94 2.6 0.93 -4.7 0.92 -4.0 0.87 -12.8 0.87 -15.8
180 0.92 -4.9 0.92 -7.4 0.91 2.8 0.89 10.7 0.85 1.8 0.85 -1.9
250 0.91 4.4 0.90 4.9 0.90 3.3 0.87 -3.5 0.85 6.5 0.85 21.5
360 0.91 3.7 0.88 7.1 0.88 -0.3 0.85 -3.4 0.84 -10.2 0.84 -14.8
480 0.90 -2.5 0.87 5.8 0.87 4.5 0.83 4.6 0.83 9.9 0.83 16.3
600 0.90 -1.1 0.86 5.4 0.86 5.7 0.82 3.0 0.82 -2.7 0.82 -8.6
710 0.89 -2.4 0.85 -0.9 0.86 -2.3 0.80 -5.6 0.82 -0.8 0.82 3.1
820 0.89 -1.7 0.84 -0.8 0.85 -4.7 0.79 1.5 0.81 -6.7 0.81 -15.9
























0 1.00 0.0 1.00 0.0 1.00 -0.3 1.06 6.0 1.02 1.6 0.99 -1.4
60 0.93 0.6 0.98 -0.1 0.98 -0.9 1.03 0.1 1.01 2.2 0.98 3.6
120 0.92 -3.0 0.98 -1.1 0.96 0.6 1.00 -0.3 0.98 1.5 0.97 2.3
180 0.92 -0.3 0.98 -0.1 0.94 -1.3 0.98 5.3 0.96 -3.9 0.95 -11.7
225 0.91 1.1 0.98 1.0 0.93 0.6 0.97 12.0 0.94 -0.3 0.94 -10.7
300 0.91 -1.2 0.98 0.1 0.92 -1.3 0.95 6.5 0.92 6.1 0.92 9.0
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5.3.2 Time-Temperature-Moisture superposition model 
An exponential model, similar to the Phani and Bose [209] model explained in sec. 2.4.3, is chosen 
here for modeling the degradation. The strength degradation in epoxy resin, GFRP coupons and 
bond is plotted against the exposure cycles in Figure 5-26 to Figure 5-28. The lines in these figures 
represent the fitted curves obtained from regression analysis, also tabulated in Table 5-5. For the 
HT2 exposure, the regression analysis is performed for the first 300 cycles so that the accuracy of 
the model in predicting the degradation until the end of the tests (820 cycles) can be evaluated. 
Again, in most cases the degradation models for FT and HT2 conditions are similar. 
 






























































































Figure 5-26: Exponential degradation model for epoxy: (a) elastic modulus; (b) tensile strength. 
 






























































































Figure 5-27: Exponential degradation model for GFRP: (a) elastic modulus; (b) tensile strength. 
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Figure 5-28: Exponential degradation model for bond: (a) debonding force; (b) fracture energy. 
 
Table 5-5: Fitted exponential degradation modes. 
Specimen/property Exposure Model 

























The percent error in the predictions for each exposure is presented in Table 5-6 to Table 5-8. 
The accuracy of the models is relatively good for all mechanical properties. For the epoxy tensile 
strength the error range is up to 8.8%, while the error for the elastic modulus is in up to 7.6%. 
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Again, the maximum error in the tensile strength and the elastic modulus prediction is for HT1 and 
HT2 exposures, respectively. For the GFRP coupons, the error range is up to 4.8% and 10.5% for 
the tensile strength and elastic modulus, respectively (being both for HT2 exposure). Meanwhile, 
the error in prediction of the debonding force is 18.2% and for the fracture energy is up to 46.4%. 
The error range for the debonding force is in the same range for all the exposure conditions. 
Again, it can be observed that the predictions for exposure HT2 have reasonable accuracy 
until the end of the tests, although the model is obtained by fitting the experimental data until 300 
cycles of exposure. The same condition is also expected in case of exposure HT1 and FT. 
 



















0 0.99 -1.1 1.00 -0.1 1.00 -0.2 0.99 -0.5 1.08 7.6 1.00 -0.3
60 0.95 5.4 0.97 0.2 0.89 4.1 0.82 -1.1 0.87 -10.1 0.82 -17.7
120 0.91 -4.4 0.96 0.9 0.83 -3.9 0.76 3.0 0.73 -11.9 0.69 -25.6
180 0.89 -6.2 0.95 -1.8 0.80 3.3 0.75 1.7 0.63 18.2 0.58 46.4
225 0.87 8.8 0.94 1.0 0.79 0.8 0.74 -3.9 0.58 5.4 0.51 30.0
























0 1.00 -0.1 1.00 -0.1 1.01 0.9 1.00 -0.1 1.02 1.8 1.05 4.8
120 0.93 0.4 0.94 2.6 0.93 -4.8 0.92 -4.0 0.89 -10.1 0.89 -13.4
180 0.91 -5.4 0.92 -7.6 0.90 1.8 0.89 10.5 0.86 2.3 0.85 -2.8
250 0.91 3.7 0.90 4.6 0.88 1.7 0.87 -4.1 0.83 4.9 0.81 17.1
360 0.90 3.2 0.88 6.7 0.87 -2.2 0.84 -4.5 0.81 -12.8 0.79 -19.8
480 0.90 -2.5 0.87 5.7 0.86 2.7 0.82 3.3 0.80 6.2 0.77 8.5
600 0.90 -0.8 0.86 5.8 0.85 4.5 0.81 2.1 0.79 -5.9 0.77 -14.7
710 0.90 -1.9 0.86 0.0 0.85 -2.9 0.80 -6.0 0.79 -3.7 0.76 -3.7
820 0.90 -0.9 0.85 0.7 0.85 -4.7 0.80 1.7 0.79 -9.2 0.76 -21.2
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0 0.98 -2.0 0.99 -1.0 1.00 -0.1 1.03 2.9 1.02 1.9 1.00 -0.1
60 0.96 2.9 0.98 -0.7 0.97 -1.4 0.99 -3.9 0.99 0.3 0.97 2.1
120 0.94 -1.5 0.97 -1.9 0.96 0.6 0.95 -5.0 0.96 -0.5 0.94 -0.7
180 0.92 0.2 0.97 -0.9 0.95 -0.8 0.92 -0.6 0.95 -5.0 0.92 -14.7
225 0.91 0.9 0.97 0.2 0.94 1.5 0.91 5.0 0.94 -0.5 0.91 -13.7
300 0.90 -2.4 0.97 -0.6 0.94 0.2 0.89 -1.2 0.93 7.5 0.89 6.0





5.3.3 Comparison between models and long-term predictions 
A comparison is made here between different degradation models and the experimental results in 
Figure 5-29 to Figure 5-31. It can be observed that when the scatter of the experimental results is 
considered, reasonable accuracy is achieved and the predictions are in the experimental range for all 
the cases. Both models seem to be suitable for predicting the degradations for the number of cycles 
considered. However, using these models for predicting longer exposure periods requires special 
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Figure 5-29: Comparison between experimental results and prediction models for epoxy resin in 
exposure: (a) HT1; (b) HT2; (c) FT. 
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Figure 5-30: Comparison between experimental results and prediction models for GFRP in 
exposure: (a) HT1; (b) HT2; (c) FT. 
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Figure 5-31: Comparison between experimental results and prediction models for debonding force 
in exposure: (a) HT1; (b) HT2; (c) FT. 
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The long-term performance of bond and material mechanical properties are simulated with 
the aim of proposed predictive models for all exposure conditions, see Table 5-9 to Table 5-11. The 
simulations are presented for wet environments (HT1 exposure), environments with average relative 
humidity (HT2 exposure), and cold regions (FT exposure). The predictions are made for 50, 125 
and 200 years as the usual seismic strengthening objectives for historical masonry. As stated before, 
establishing a link between real exposure conditions and accelerated ageing tests is a complicated 
task which requires extensive experimental tests. Here, based on the available information in the 
literature presented in sec. 2.3.1, it is assumed that each 40 cycles of hygrothermal exposures 
represent 1 year life of the structure in real exposure conditions. Therefore 2000, 5000 and 8000 
cycles of each exposure conditions are assumed equal to 50, 125 and 200 years of structural life in 
their corresponding environmental conditions. 
It can be observed that the models give different values for the residual strength of materials. 
In general, logarithmic model gives lower values. It seems that the exponential model has reached a 
residual value giving the same degradation levels for all exposure periods. The logarithmic model 
predicts 100% degradation of bond in wet environments. For the bond strength 68%, 21% and 5% 
degradation is predicted with the exponential model for wet environments, environments with 
average humidity and cold environmental conditions, respectively. These values in logarithmic 
model are 100%, 20% and 26%. The values obtained with exponential model seem more 
reasonable, although performing tests with longer periods is necessary for validation of the 
proposed predictive models. 
 
Table 5-9: Long-term predictions for wet environments. 
Material Properties 
Exponential model Logarithmic model 
Duration (years) Duration (years) 
50 125 200 50 125 200 
Epoxy 
fte/fte0 0.75 0.75 0.75 0.85 0.83 0.82 
Ete/Ete0 0.93 0.93 0.93 0.89 0.86 0.85 
GFRP 
ftfe/ftfe0 0.76 0.76 0.76 0.64 0.57 0.57 
Etfe/Etfe0 0.74 0.74 0.74 0.62 0.57 0.55 
Bond 
Pe/P0 0.32 0.32 0.32 0 0 0 









Table 5-10: Long-term predictions for environments with average humidity. 
Material Properties 
Exponential model Logarithmic model 
Duration (years) Duration (years) 
50 125 200 50 125 200 
Epoxy 
fte/fte0 0.9 0.9 0.9 0.88 0.86 0.86 
Ete/Ete0 0.82 0.82 0.82 0.77 0.72 0.69 
GFRP 
ftfe/ftfe0 0.86 0.86 0.86 0.82 0.78 0.76 
Etfe/Etfe0 0.79 0.79 0.79 0.74 0.68 0.65 
Bond 
Pe/P0 0.79 0.79 0.79 0.8 0.78 0.77 
Gf/Gf0 0.75 0.75 0.75 0.83 0.81 0.8 
 
Table 5-11: Long-term predictions for cold regions. 
Material Properties 
Exponential model Logarithmic model 
Duration (years) Duration (years) 
50 125 200 50 125 200 
Epoxy 
fte/fte0 0.85 0.85 0.85 0.88 0.86 0.86 
Ete/Ete0 0.97 0.97 0.97 0.97 0.97 0.96 
GFRP 
ftfe/ftfe0 0.93 0.93 0.93 0.85 0.81 0.79 
Etfe/Etfe0 0.82 0.82 0.82 0.86 0.81 0.79 
Bond 
Pe/P0 0.95 0.95 0.95 0.74 0.65 0.6 
Gf/Gf0 0.8 0.8 0.8 0.7 0.58 0.51 
 
5.4 Conclusions 
The results of an extensive experimental program aimed at investigating the durability of FRP-
masonry systems were presented in this study. Accelerated ageing tests were performed following 
three different hygrothermal conditions consisting of thermal cycles from  1    to       (    
R. .  called  T1 exposure,  1    to       (    R. .  called  T  exposure, and –1    to      C 
(90% R.H.) called FT exposure. The HT1 exposure was used for simulating the thermal variations 
in wet environments, while HT2 simulated environments with average relative humidity. Finally, 
exposure FT was used to simulate freeze-thaw actions in cold regions.  
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The bond degradation was studied by visual inspection and single-lap shear bond tests. The 
changes in mechanical properties of material constituents were also investigated. Two different 
degradation models were finally used to predict the observed degradations due to exposure 
conditions. Based on the obtained results, the following conclusions can be drawn: 
 The hygrothermal exposures did not affect the mechanical properties of bricks. However, 
epoxy resin and GFRP coupons showed some degradation. Generally, higher degradation 
levels were observed due to exposing the specimens to HT1 conditions. The degradation 
level in GFRP coupons were higher than epoxy resin which is due to the epoxy/fibers 
interfacial degradation. The interfacial degradation can be attributed to the thermal 
mismatch between epoxy and glass fibers, which induced thermal fatigue and moisture 
attack. Again, higher degradation levels were observed in the specimens exposed to HT1 
conditions.  
 FRP delamination was observed at the FRP/brick interface after exposure to environmental 
conditions. The delamination, being due to the thermal incompatibility between brick and 
adhesive, was progressively increased with the number of cycles. Moreover, significantly 
larger FRP delaminations with higher growth rates were observed in the specimens exposed 
to HT1 conditions. This can be due to the effect of moisture on the debonding growth 
behavior and adhesive fracture properties. 
 A progressive degradation of bond strength and fracture energy was observed in the 
specimens in all exposure types. However, the degradation in the specimens exposed to HT2 
and FT conditions was very small in contrary to the large reductions observed in the 
specimens exposed to HT1 conditions.  
 In both exposure types HT1 and FT, the failure mode changed progressively from cohesive 
failure in the brick to adhesive failure at the FRP-brick interface with exposure time. 
However, no significant change of failure mode was observed in the specimens exposed to 
HT2 conditions. 
 Available predictive models were used for modeling the observed degradation in the 
material properties and bond behavior. It was observed that exponential and logarithmic 
models can be fairly used for simulating the degradations. The validated models were used 
for long-term predictions and it was observed that exponential model leads to more reliable 
results. However, special care should be taken for extending the short-term degradation 
models for long-term predictions, as a fully validated predictive model requires performing 
extensive long-term experimental tests. 













6 Application of advanced NDT techniques 
 
As discussed before, the effectiveness of EBR techniques is intrinsically dependent on the bond 
behavior between the composite material and the masonry substrate. In this regard, fully 
understanding the involved strain and stress transfer mechanisms and fracture progress in the 
interfacial region (bond) is crucial for design and performance assessment. On the other hand, it is 
known that the environmental conditions can cause bond degradation and FRP delamination in the 
interfacial region, which affect the performance of the strengthened structure. FRP delamination 
may also occur due to poor workmanship. Use of non-destructive qualitative and quantitative bond 
assessment methods seems interesting for detection of delamination or for assessment of the bond 
degradation in both laboratory tests and on-site structural health monitoring purposes. 
Significant progress has been achieved in the last years regarding experimental investigation 
and computational modeling of the debonding phenomenon and damage in FRP-strengthened 
masonry elements, see e.g. [34, 39, 59, 226]. However, aspects such as failure initiation, interfacial 
damage propagation and localization, three-dimensional nature of the bond behavior, effective bond 
length and strain distributions along the reinforcement as well as nondestructive bond quality 
monitoring are still open issues. This chapter shows how these aspects can be monitored and 
characterized by means of three advanced measurement techniques: (a) Digitial Image Correlation 
(DIC); (b) Infrared (IR) thermography; (c) Acoustic Emission (AE). 
Laboratory characterization of the bond behavior is usually performed by means of shear 
debonding or pull-off tests. In the shear debonding tests, strain gauges are usually attached to the 
FRP surface for monitoring the distribution of strains along the bonded length during the 
delamination process. However, the measurements are limited to the location of the strain gauges 
leading to incomplete understanding of the bond behavior. Use of a full-field measurement 
technique such as DIC seems to be valuable in better understanding the bond behavior. This method 
120 | Durability analysis of bond between composite materials and masonry substrates 
 
 
has been used here for the characterization of the bond behavior in FRP-masonry systems. The 
applicability of this method and the results obtained from the experimental tests are discussed in 
Sec. 6.2. 
The acoustic emission (AE) technique is used for monitoring the failure initiation and 
damage propagation at the FRP-masonry interface during experimental testing. Moreover, the 
correlation between the AE output and bond characteristics such as force-slip behavior, fracture 
energy, active failure mechanisms and debonding propagation is investigated. The latter provides 
valuable information for bond behavior assessment and numerical modeling purposes. The tests are 
also a contribution towards the application of AE techniques for on-site health monitoring of 
strengthened masonry structures. The basics of the technique and the results obtained are discussed 
and presented in Sec. 6.3. 
The IR thermography technique is used for qualitative and quantitative assessment of the 
bond degradation in FRP-masonry systems due to environmental conditions. This technique is 
accepted as an effective method for detection of bond defects and delamination in FRP composites. 
Once the defects have been located, it is also valuable to characterize them quantitatively in order to 
judge their severity. A quantitative IR thermography method is adopted and used here for detection 
of the defects in FRP-strengthened masonry systems. The applicability and accuracy of the adopted 
method in locating interfacial defects and predicting their sizes are initially validated. Then, the 
method is used for detecting and quantifying the environmentally induced FRP delamination in the 
specimens exposed to accelerated ageing conditions. The basics of the technique and discussion of 
the results are presented in Sec. 6.4. 
 
6.1  Digital image correlation technique 
6.1.1 Principles 
In the last decades, several interferometric and white-light optical methods have been proposed and 
developed in experimental solid mechanics for displacement or strain measurements over an entire 
region of interest (ROI) [45]. These techniques contrast with conventional strain gauges or 
extensometers by the fact that they provide full-field data and are contact-free. Among these 
techniques, non-interferometric methods based on image processing, such as the DIC, are 
increasingly used [224, 271]. 
The DIC technique provides full-field displacements of a (quasi-)planar object by comparing 
the similarity between image features recorded, at least, at two different mechanical states. In this 
technique, the surface of interest must have a textured pattern such that the light intensity reflected 
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from the surface varies continuously. Such pattern exists either naturally on the material surface or 
must be created artificially using random patterns, e.g. using spray or airbrush painting. A suitable 
balance between region of interest and average size of white-to-dark spots must be achieved in 
order to enhance the displacement spatial resolution (small aperture) associated to the DIC 
measurements. 
With DIC, the displacement field is measured by analyzing the geometrical deformation of 
the images of the ROI recorded during loading. For this purpose, the initial (undeformed) image is 
mapped by square facets providing an independent measurement of displacements. The facet size, 
on the plane of the object, characterizes the displacement spatial resolution. The facet step (i.e., the 
distance between adjacent facets) controls the total number of measuring points over the ROI and 
the spatial resolution can be improved by slightly overlapping adjacent facets. Typically, increasing 
the facet size improves the accuracy of the measurements and lowers the spatial resolution. 
To accurately measure the specimen’s deformation, the corresponding location of facets is 
tracked during the test. The tracking or matching process is achieved by searching the extreme 
location of a pre-defined similarity criterion, commonly called correlation criterion. It has been 
shown that the zero-normalized sum of squared differences (ZNSSD) is a robust algorithm, since it 


























pC      (6.1) 
where   is the subset domain, ),( ii yxf is the pixel gray level at location ),( ii yx  in the reference 
image, )','( ii yxg  is the pixel gray level at )','( ii yx  in the deformed image, and mf  and mg are the 
mean gray level values over the subset in the reference and the deformed image, respectively. 
A given deformation mapping function must be then chosen. Both first-order and second-
order shape functions have been commonly used. Eq. (6.1) is then solved with regard to the 
mapping parameters (p) using a suitable optimization scheme. Iterative algorithms, e.g. Newton-
Raphson or Levenberg-Marquardt methods, can then be used for finding the deformation parameter 
optimizing the correlation coefficient CZNSSD. 
 
6.1.2 Measurements 
The specimens in the current testing program were prepared by applying a speckle pattern 
on the ROI, produced by applying a thin coating of white matt followed by a spread distribution of 
black dots using spray paint, see Figure 6-1. The ARAMIS DIC-2D software by GOM was used in 
this work [272, 273]. The measurement system was equipped with an 8-bit Baumer Optronic 
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FWX20 camera coupled with a Nikon AF Micro-Nikkor 200mm f/4D IF-ED lens (details in Table 
6-1). For mobility and adaptability, the support of the camera was mounted on a Foba ALFAE 
tripod positioned facing the testing machine. 
 
 
Figure 6-1: Example of a speckle pattern and histogram of a GFRP coupon specimen. 
 
In the test set-up, the optical system was positioned facing the surface of the specimen. A 
laser pointer is used to guarantee the correct alignment of the camera with regards to the specimen. 
The working distance (defined as the distance between the target surface and the support of the 
camera) was set to 1.8 m leading to a conversion factor of 0.037 mm.pixel
-1
, see Table 6-1. The 
aperture of the lens was completely open (minimum depth of field) in order to focus the image on 
the specimen’s surface. The lens aperture is then closed to f/11 in order to improve the depth of 
field during the test. The shutter time is set to 5 ms. The light source is finally adjusted in order to 
guarantee an even illumination of the target surface and to avoid over-exposition. 
Regarding the size of the ROI, the optical system (magnification) and the quality of the 
granulate (average speckle size) obtained by the spray paint, a facet size of 15×15 pixels is chosen 
in this study. The facet step is also set to 15×15 pixels in order to avoid statistically correlated 
measurements. The in-plane displacements are then numerically differentiated in order to determine 
the strains field. The typical resolution of the measurements is in the range of 10
-2
 mm and 0.02-
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Table 6-1: Optical system components and measurement parameters. 
CCD camera  
Model Baumer Optronic FWX20  
(8 bits, 1624×1236 pixels, 4.4 m/pixel) 
Shutter time 5 ms 
Acquisition frequency 1 Hz 
Lens  
Model Nikon AF Micro-Nikkor 200mm f/4D 
Aperture  f/11 
Lighting LEDMHL10 (color temperature: 6000 K) 
Working distance 1800 mm 
Conversion factor 0.037 mm/pixel 
Project parameter – Facet  
Facet size 15×15 pixel
2
 
Step size 15×15 pixel
2
 
Project parameter – 
Strain 
 
Computation size 7×7 facets 
Validity code 55% 
Strain computation method Total 
Image recording  
Acquisition frequency 1 Hz 
 
6.1.3 Experimental plan 
The experimental program includes tensile and shear bond tests and measurement of strains 
development on the specimens by means of the DIC technique. Tensile tests are performed on 
aluminum and GFRP specimens. Aluminum is chosen, as a homogenous and known material in 
which uniform distribution of strains and deformation are expected during the tensile tests, in order 
to provide a reference for the results obtained from other materials. Shear bond tests are performed 
on GFRP-strengthened masonry bricks. The surface deformations and strains in both types of tests 
are determined with the DIC method.  
Tensile test specimens have 450 mm length and 40 mm width, see Figure 6-2. The 
aluminum plate has a thickness of 2 mm. Three specimens from each material are prepared and 
tested. Single-lap shear bond tests are performed on GFRP-strengthened brick specimens. The 
material properties and procedure for preparation of the specimens can be found in Chapter 3. 
The test setup used for performing the tensile tests is shown in Figure 6-3 (a). The tests are 
performed using a universal testing machine with maximum load capacity of 200 kN under 
displacement control conditions. The specimens are pulled monotonically with a constant velocity 
of 2 mm/min corresponding to a mean strain rate, ε∙, of 7.5×10-5 s-1. 
 














Figure 6-2: Details of the tensile specimens (dimensions in mm). 
 
A testing apparatus with maximum load capacity of 50 kN is used for conducting the single-
lap shear bond tests, see Figure 6-3 (b). A supporting frame is used to support the specimens 
appropriately and avoid misalignments in the load application. The specimens are pulled 
monotonically, under displacement control, with a velocity of 0.3 mm/min. The resulting load is 
measured by means of a load cell. The global slip between the GFRP and the masonry substrate is 




Figure 6-3: Tests setup: (a) tensile tests; (b) shear bond tests. 
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6.1.4 Results and discussion 
6.1.4.1 Tensile tests 
The typical load-displacement behavior of the aluminum plates together with the longitudinal strain 
distributions measured with the DIC technique are shown in Figure 6-4. Uniform distribution of 
strains in the ROI can be observed, as expected. This uniformity can be observed clearly in Figure 
6-5 where the distribution of strains along a longitudinal and a transverse section on the ROI is 
presented. The evolution of strains with the load increase and their uniform distribution along the 
specimen’s length and width can be observed. The elastic modulus of the aluminum plate is 
obtained as the initial slope of the stress-strain curve (from DIC measurements) equal to 60 GPa. 




equal to the applied strain rate 
during the tests, being an evidence of the measurements accuracy and suitability of the applied 
speckle pattern and solution algorithms. 
 
 
Figure 6-4: Tensile behavior of the aluminum plate 
(force-displacement diagram and strains in the ROI). 
 
The typical tensile load-displacement behavior of GFRP coupons together with the 
longitudinal strain distributions measured with the DIC technique are shown in Figure 6-6. The 
GFRP coupons show a linear behavior until failure, as expected. It can be observed that the 
distribution of strains along the GFRP coupon is not as uniform as the aluminum plate. The 
distribution of longitudinal, εx, and transverse strains, εy, is presented in Figure 6-7 at two different 
sections in the ROI for one tested specimen. Large fluctuations of longitudinal and transverse 
strains can be observed. The non-uniform distribution of fibers and matrix along the specimen’s 
length and width, commonly observed in wet lay-up procedures, can produce such a complex 
distribution of strains. Moreover, imperfections due to application procedure together with the non-
homogenous nature of this composite material can result in the observed strain localizations and 
fluctuations [274]. This observation becomes clearer when comparing the strains obtained in the 
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aluminum plate and the GFRP coupon at the same load level, see Figure 6-8. On the other hand, 
large transversal strains are found in the GFRP specimen, which makes the stress states and failure 
complex. The observed strain fluctuations and large transversal strains can affect the bond behavior 
between the GFRP sheet and masonry substrate in strengthened masonry elements, and this should 
be considered in the interpretation of experimental results. The variation of strains along the 
specimen’s width and length shows that the use of local measurement instruments such as strain 
gauges may lead to inappropriate observations and conclusions. The elastic modulus of GFRP is 
obtained as the initial slope of the stress-strain curve equal to 75 GPa. The measured strain rate with 




equal to the applied strain rate during the tests, showing the 








Figure 6-5: Strain profiles in the aluminum plate for different load levels (A to D in Figure 6-4): 
(a) speckle pattern; (b) strain profiles along line a-b; (c) strain profiles along line c-d. 
 












Figure 6-7: Strain profiles in the GFRP coupon at different load levels (A to D in Figure 6-6): 
(a) speckle pattern; (b) strain profiles along line a-b; (c) strain profiles along line c-d. 
 




Figure 6-8: Comparison of longitudinal strains along section c-d between GFRP coupon and 
aluminum plate close to failure (load level D). 
 
6.1.4.2 Debonding tests 
The typical force-slip response obtained from experimental tests is shown in Figure 6-9. The 
distribution and evolution of strains with load increment along the bonded length, determined from 
the DIC measurements, is presented in Figure 6-10.  
The longitudinal strains profiles are shown in Figure 6-11 (b, c) at the FRP middle and edge 
sections, respectively. It can be observed that the strain distributions are different in these two 
sections, due to the boundary conditions [275]. Moreover, significant transversal strains appear near 
the loaded end at high load levels, see Figure 6-11 (d). These observations confirm experimentally 
the three-dimensional nature of the debonding phenomenon, which is commonly neglected in 
design procedures and in the discussion of experimental results. It can be observed that the strain 
values increase suddenly moving forward from point C to D which is due to the initiation of 
debonding and crack propagation along the FRP bonded length. This is also observable in the force-
slip diagram, Figure 6-9, where the stiffness changes at point C. The observed fluctuations in the 
strain profiles can be partly attributed to the variation of the material properties and bond 
imperfections. 
 










Figure 6-10: Distribution of strains along the bonded area at different load levels (A to D in Figure 
6-9): (a) longitudinal strains; (b) transversal strains. 
 








Figure 6-11: Strain profiles in GFRP-strengthened brick specimen: (a) speckle pattern; 
(b) longitudinal strains along section a-b; (c) longitudinal strains along section c-d; (d) transversal 
strains along section c-d. 
 
An important parameter that can be obtained from the strain profiles is the effective bond 
length le, defined as the length in which the stresses are fully transferred from the FRP composite to 
the substrate (i.e. the minimum length to achieve the maximum load) [48]. After the effective bond 
length, the strain values are negligible and therefore no stresses are transferred to the masonry. For 
obtaining the effective bond length, the average strain profile at failure (point D in Figure 6-9) is 
determined, see Figure 6-12, by averaging the strain values over a 10 mm width strip at the middle 
of the FRP sheet. The average values are used in order to reduce the effect of material variations 
[48] and it is observed that the effective bond length obtained is not sensitive to the averaging 
width, as 5, 10 and 15 mm widths were tested. The strain distribution is then approximated with a 
nonlinear expression by performing regression analysis. It is observed that an expression with the 
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where A2, A1, x0, p are the constants to be determined from experimental results and x  is the 
distance from the loaded end. The predicted strain distribution is shown with a solid line in Figure 
6-12. It can be seen that the bonded area consists of three main regions, as also observed in [48]. 
The FRP is fully debonded from the substrate near the loaded end. This is followed by a stress 
transfer zone, and after that no stress is transferred to the substrate. The length of the stress transfer 
zone, about 30 mm in this case (average of three tests), is then the effective bond length.  
Finally, it is noted that the bond-slip laws in longitudinal and transversal directions can be 
obtained from the strain profiles [226]. The local bond stress-slip (τ–s) curves can obtained from the 
experimental strain profiles measured along the FRP reinforcement at different load levels. In fact, 
the bond stress distribution within the bonded length can be evaluated by imposing the equilibrium 








 )(                                                            (6.3) 
where dxd f / is the gradient of FRP strain along the sheet length, fE  is the FRP elastic modulus, 
and ft  is the FRP thickness. Moreover, the slip at distance x from the free end of the specimen can 
be calculated assuming a zero slip in the free end as: 
 dxxs f)(            (6.4) 
The local bond-slip behavior of the specimens near the loaded end is obtained by means of 
Eqs. (6.3) and (6.4) using the strain distributions obtained from the DIC measurements, see Figure 
6-13. For this reason, the strain profiles obtained from DIC measurements are approximated with 
the same nonlinear model for different load levels, Figure 6-12. Then, the obtained mathematical 
formulation for each load level is used in Eqs. (6.3) and (6.4) for calculating the spatial value of 
shear stress and slip. For obtaining an average bond-slip behavior, the values are presented for 10, 
15, 18, and 20 mm distances from the loaded end. It can be seen that the bond-slip curve follows a 
tri-linear trend with a plastic branch in the middle, solid line depicted in Figure 6-13. The tri-linear 
bond-slip behavior observed here has also been proposed for FRP-strengthened brick specimens in 
[226]. 
 




Figure 6-12: Average longitudinal strain along FRP middle section (sec. a-b in Figure 6-11) 
and the effective bond length le. 
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6.2 Acoustic emission technique 
6.2.1 Principles 
Acoustic Emissions (AEs) are high-frequency transient elastic waves that are emitted within the 
material during local stress redistributions such as micro-crack growth. These emissions are 
detected on the material’s surface by means of piezoelectric transducers, pre-amplified, filtered and 
amplified before being sent to the data logger. The technique has the advantage over other damage 
detection techniques that it relies on detection of information which is generated by the fracture 
process itself and allows for on-line damage detection and assessment [276]. 
A typical AE transient event is presented in Figure 6-14. Background noise is eliminated 
through setting a minimum amplitude threshold. An AE hit with a predefined duration is recorded 
when the threshold is exceeded. For each AE hit, a number of parameters (e.g. arrival time, 
amplitude, count, duration and energy) and the waveform itself are recorded. The amount of 
detected AE hits and energy is influenced by the hardware used and software settings, thus software 
defined parameters (e.g. threshold and sampling frequency) should be kept constant for subsequent 
tests. The detection of acoustic emissions is also sensitive to a number of setup-specific boundary 
conditions, such as quality of the coupling between sensor and test specimen, attenuation and speed 
of wave propagation, source-sensor distance, specimen size and homogeneity.  
The recorded acoustic emissions hold information on the fracture process that produced 
them. Basic AE hit counting, taking into account the cumulative or average number of AE hits, or 
emitted AE energy, has successfully been used for damage assessment in rock, concrete and 
masonry [240, 277]. Other wave properties, such as amplitude or number of threshold crossings 
(counts) are also used for parameter-based analysis [240, 278]. It is generally observed that micro-
cracks generate a large amount of small amplitude emissions, while AE emissions from macro-
cracks are fewer but have higher amplitude. Based on this observation, the b-value is applied in 
seismic analysis to characterize the fracture process by means of the slope of the amplitude 
distribution. Instead of the seismic b-value, an improved b-value (Ib-value), in which the number of 
AE data taken into account is set before calculation, is usually applied for AE applications in 
concrete and rock [279, 280]. 
 




Figure 6-14: Typical AE transient event with indication of wave characteristics. 
 
More advanced signal-based analysis takes into account the complete AE signal allowing 
characterization of the fracture modes [240, 281]. High sampling rates and the use of broadband AE 
sensors are required for this technique. But dedicated signal processing and interpretation can 
become time-consuming for large data sets. Signal-based analysis has limited application in 
concrete and masonry, due to the high attenuation and disturbance of the AE wave caused by the 
heterogeneity of the material, especially in case of masonry. As a compromise between both 
approaches, a simplified signal-based analysis can be applied, using the RA value and frequency to 
characterize the fracture process. The RA value is calculated from the ratio of the rise time (time 
interval between triggering time of AE signal and maximum amplitude) and the maximum 
amplitude. Lower average frequencies and higher RA values indicate a shift from tensile to shear 
nature of fracture processes [282, 283]. Recent numerical and experimental studies have shown that 
the reliability of crack classification depends on the homogeneity of the material and the distance 
between source and sensor [284]. Heterogeneities, such as aggregates in concrete, nucleation of 
cracks or brick-mortar interfaces in masonry, cause dispersion and consequently alteration of the 
waveform. As masonry is a highly heterogeneous material, crack characterization should be 
performed carefully taking into account these issues.  
Next, it is shown that average and cumulative AE energy can be applied to characterize 
debonding phenomenon in strengthened masonry bricks when a limited number of resonance AE 
sensors are used. 
 
6.2.2 Experimental plan 
The experimental study focuses on detection of the interfacial damage during debonding in 
strengthened masonry bricks by means of the AE technique. The effect of environmental conditions 
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on the bond fracture process and failure mode is also investigated by performing accelerated ageing 
tests. Single-lap shear bond tests are performed, before and after environmental exposure, for 
characterization of the bond behavior. Six specimens in total are tested with AE detection, being 
three reference specimens and three aged specimens. Specimens’ geometry and preparation 
procedure can be found in Chapter 3. The aged specimens are exposed to 180 cycles of exposure 
HT2 (temperature cycles of +10°C to +50°C with 60% constant relative humidity), see Chapter 3. 
The test setup and procedure for debonding test is explained in Chapter 3, see Figure 6-15. 
Acoustic emissions were monitored using a 4-channel Vallen AMSY-5 system with 150-500 kHz 
operation frequency and 5 MHz sampling rate. Four 150 kHz resonance sensors were attached to 
opposite sides of the bricks by means of hot melt glue, see Figure 6-15 (b). The preamplifier gain 
was set to 34 dB with a fixed threshold level of 40 dB and pencil lead breaks were used for system 
calibration [285]. To calculate the AE energy, the AE signal is squared and integrated (the energy 






Figure 6-15: (a) Test setup; (b) test instrumentation. 
 
6.2.3 Results and discussion 
6.2.3.1 Debonding behavior 
The envelope of the force-slip curves obtained from the experimental tests is shown in Figure 6-16 
for the reference and aged specimens. A slight 6% reduction of the average maximum debonding 
force can be observed in the specimens after exposure to environmental conditions. The initial bond 
stiffness, defined as the initial slope of the force-slip curves, does not show any relevant change. 
However, due to the small number of tests and short exposure period, no definitive conclusions can 
be made about the degradation of the specimens at this stage. The average debonding force for the 
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reference specimens is 10.0 kN (CoV = 5.3 %), while this value for the aged specimens is 9.4 kN 
(CoV = 20.6 %).  
In terms of failure mode, a change from cohesive failure to adhesive failure is observed in 
the GFRP-brick specimens. The observed failure modes in the reference specimens are cohesive 
failure with fracture inside the brick (1 specimen) or a combination of cohesive/adhesive failure (2 
specimens), see Figure 6-17 (a, b). The cohesive fracture occurred in a relatively deep layer of the 
brick (around 10 mm). Moreover, the contribution of the adhesive failure in the specimens with 
mixed failure mode was relatively small (around 20% of the bonded area). On the other hand, the 
failure mode in the aged specimens is predominantly adhesive. The fracture surface is at the 
FRP/brick interface (all three specimens), see Figure 6-17 (c). The adhesive failure is combined 
with detachment of a brick bulb at the free end in two specimens, see Figure 6-17 (d). The observed 
change of failure mode after exposure to hygrothermal conditions can be attributed to the 
degradation of interface properties due to thermal incompatibility problem and induced thermal 
fatigue on the specimens [91]. 
 
 
Figure 6-16: Envelope of experimental force-slip behavior in the reference and aged specimens. 
 
    
(a) (b) (c) (d) 
Figure 6-17: Observed failure modes: (a) cohesive; (b) cohesive-adhesive; (c) adhesive at the 
FRP/brick interface; (d) adhesive with a brick bulb at the free end. 
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6.2.3.2 Characterization of damage by means of AE output 
Typical AE results obtained from the debonding tests on GFRP-strengthened brick specimens are 
shown in Figure 6-18. The results are presented for a reference specimen with mixed 
cohesive/adhesive failure mode, in terms of cumulative AE energy and hits together with the force 
and slip development during the tests. The cumulative AE energy to hit ratio, called E/h hereafter, is 
also investigated and the results are presented. 
Generally, the debonding phenomenon can be divided into three main regions: elastic range, 
micro-cracking range, macro-cracking and fracture range. In the elastic range, the system deforms 
without any crack generation and AE activities. The displacement measured at this stage is small 
being due to the elastic deformation of the FRP composite. As the applied force increases, micro-
cracks appear in the interfacial region and they can be distinguished by initiation of AE activity 
with low emitted energies, e.g. after 100 sec of the test in Figure 6-18 (a, b). Since the fracture 
energy release due to the formation of micro-cracks is relatively small, low values of AE energies 
are expected in this region, see Figure 6-18 (a). The rate of detected AE hits is higher than the AE 
energy rate at this stage, resulting in a descending E/h, which indicates the formation of micro-
cracks, see Figure 6-18 (c). As the debonding progresses, macro-cracks are formed and propagated 
along the interface with higher fracture energy being released. Therefore, higher AE energy is 
detected in this region. The cumulative AE energy increases with a stepwise pattern in which each 
sudden jump of energy can be correlated to a sudden fracture energy release and can thus be 
attributed to macro-fracture events, see Figure 6-18 (a, d). A sudden release of a high amount of AE 
energy can also be observed at the moment of full debonding, coinciding with the end of the test. 
The E/h ratio, Figure 6-18 (c), shows that each stage of the progressive debonding starts with a high 
rate of energy release (observed as a sudden jump in the E/h curve) and continues with a descending 
rate until the end of each stage. The sudden jumps in E/h curve, in macro-fracture range, are due to 
the formation of macro-cracks with high energy release. Figure 6-18 (d) shows a clear correlation 
between slip increment and cumulative AE energy. This correlation can be used for predicting the 
FRP slip or debonding fracture energy in FRP-strengthened masonry elements, as will be explained 
in Sec. 6.3.3.4. 
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Figure 6-18: Typical AE results in reference specimens: (a) force-cumulative AE energy; (b) force-
cumulative AE hits; (c) force-energy/hits, E/h; (d) slip-cumulative AE energy. 
 
The effect of failure mode on the AE outputs is investigated in Figure 6-19. A clear 
distinction is found between AE outputs of specimens with different failure modes. It can be 
observed that in the specimen with cohesive debonding the AE energy remains relatively low 
throughout the test, accompanied by a sudden and large amount of AE energy release and increase 
of E/h ratio when the debonding occurs at the end of the test, see Figure 6-19 (a). The observed 
behavior confirms the brittle and sudden nature of the cohesive debonding. Fewer peaks are 
observed in the E/h curve compared to the specimen with cohesive/adhesive debonding. At the end, 
a macro-crack with a high amount of energy release has suddenly occurred, leading to the complete 
debonding of the FRP. On the contrary, in the specimen with cohesive/adhesive failure a 
progressive release of energy is observed during the test. The high rate of energy detection shows 
the high number of active cracks and progressive failure during the tests. In the specimen with 
adhesive debonding mode, Figure 6-19 (b), increasing detection of AE energy is observed until the 
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complete debonding. However, the magnitude of the detected energy is much lower than the ones 
detected in the specimens with cohesive failure mode. This large difference is due to the different 
nature and fracture properties of brick and FRP/brick interface. The specimen with adhesive failure 
combined with formation of a brick bulb at the free end shows a similar AE energy emission similar 
to the specimen with pure adhesive failure. However, a large amount of energy is released in this 
specimen before debonding due to the brick bulb fracture at the free end.  
 










































































































Adhesive debonding with 
brick bulb at free end




































Adhesive debonding with 
brick bulb at free end
 
(b) 
Figure 6-19: Comparison of different failure modes: (a) cohesive; (b) adhesive. 
 
6.2.3.3 Remarks on other methods for failure characterization analysis 
In the previous section, the AE energy release rate was used for failure mode analysis and a 
correlation was found between the AE energy outputs and the debonding behavior. As indicated in 
before, other methodologies have been developed in the literature for discrimination between 
different fracture modes and may be of interest in debonding tests. A review of the applicability of 
these methods is presented and discussed in this section. RA value and frequency analysis are not 
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carried out for the presented data. The reason is that the tests were performed with resonance 
sensors and the test specimens were not isotropic. Distortion of the frequency spectra and of the 
waveforms strongly affects the accuracy of the results in these analysis techniques.  
An Ib-value (Improved b-value) analysis is performed on the obtained data from AE 
detection. The Ib-value is the ratio between weak (low amplitude, micro-cracking) and strong (high 
amplitude, macro-cracking) events. It is calculated as the slope of the cumulative distribution of the 
amplitudes of a preset number of hits. In general, the fracture shifts from micro- to macro-cracking 
upon monotonic stress increase and the Ib-value decreases. The graphs presented in Figure 6-20 are 











Ib        (6.5) 
here, σ is the standard deviation and µ is the mean value of the amplitudes of a group of AE hits. 
Usually, a group of 50 or 100 hits is chosen (the latter is chosen here). The Ib-value is updated after 
every 1  new hits and α1 and α2 are constants related to the minimum and maximum amplitude 
level. For each subsequent group of AE hits, the cumulative amplitude distribution is applied and 
the logarithm of the cumulative value corresponding to the lower and upper amplitude values (µ- 
α1σ  and (µ  α2σ  is taken. 
Figure 6-20 presents the evolution of the Ib-value calculated for the GFRP-strengthened 
brick specimens with different failure modes. In general, the graphs have many peaks and the 
average Ib-value does not decrease towards the end of the test as is generally observed in 
compression and bending tests [282]. This can be explained by the nature of the fracture process 
under analysis, which is not a general shift from micro to macro-cracking. Since the bonded area 
fails progressively, a sequence of stress buildup (micro-cracking) and debonding (macro-cracking) 
occurs. This results in high and low amplitude hits occurring almost at equal density throughout the 
test. 
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Figure 6-20: Ib-value analysis for different failure modes (a) cohesive; (b) cohesive/adhesive; 
(c) adhesive; (d) adhesive with brick bulb. 
 
In the specimen with cohesive failure, Figure 6-20(a), the macro-cracks are accompanied by 
a sudden decrease in the Ib-value as expected. The lb-value trend shows that this failure mode is 
accompanied by few large cracks and sudden release of energy at the debonding moment. The lb-
value in the cohesive/adhesive failure, Figure 6-20 (b), presents many drops during the test showing 
that the active failure is a combination of macro- and micro-fracture. The debonding has occurred 
with a progressive formation of large and small cracks. Although macro-fractures are 
distinguishable during the test, a decreasing trend in average lb-value is not observed, similar to the 
specimen with cohesive failure. In the specimen with adhesive failure, see Figure 6-20 (c), a 
decrease in the average lb-value can be observed when moving from the micro- to the macro-
cracking range. The observed drops in the lb-value in macro-fracture range confirm the progressive 
nature and fracture release in this failure mode. The formation of the brick bulb at the free end is 
also observable at the end of the test in the other specimen, Figure 6-20 (d). 
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Although the micro- and macro-fracture can be distinguished from the lb-value analysis, the 
results are not very clear due to the large number of observed peaks and the fact that no general 
decreasing trend can be observed. For fracture mode characterization, the technique shows limited 
added value for short-term debonding tests as performed in this research. The technique can be of 
more interest during long-term debonding tests as the occurrence of macro-cracking might be more 
rare and alternated with long periods of no or only weak AE activity. On the contrary, the AE 
energy rate analysis, as presented in the previous section, was shown to be a valuable tool for 
characterizing the debonding phenomenon in FRP-strengthened masonry. 
 
6.2.3.4 Modeling bond parameters with AE outputs 
The experimental results showed that the released fracture energy during the debonding 
phenomenon can be correlated with the total emitted AE energy. Moreover, it was observed that the 
AE energy rate shows a trend similar to the FRP slip in FRP-strengthened brick specimens. In this 
regard, presenting a relation between these bond parameters and the AE outputs can be interesting 
for numerical modeling or structural health monitoring purposes. In this section, these relations are 
obtained from the experimental tests. Proposing a comprehensive relation between AE outputs and 
debonding parameters requires an extensive experimental program and thus the observations 
reported here can be seen as a first step towards this aim. 
Figure 6-21 presents the FRP global slip in GFRP-strengthened specimens and the 
cumulative AE energy. A regression analysis is performed for obtaining a relation between the FRP 
slip and the AE energy. Since the fracture process, crack propagation and FRP slip change with the 
failure mode, different relations are proposed for adhesive and (mostly) cohesive debonding. For 
the adhesive failure, the results obtained from the only specimen with pure adhesive failure are 
considered in the analysis and the rest of the specimens are considered in the regression analysis for 
the (mostly) cohesive failure modes. A linear relation seems suitable for both failure modes 
(R
2
=0.93 for adhesive failure and R
2
=0.96 for cohesive failure). This relation can then be used as a 
new tool for obtaining the FRP slip in debonding tests or numerical modeling purposes. 
The debonding fracture energy is an important parameter for numerical modeling of the 
bond behavior. This parameter is usually obtained from the experimental tests by using strain 









G            (6.6) 
Chapter 6: Application of advanced NDT techniques 143 
 
 
where, maxP  is the debonding force, fb  is the FRP width, fE is the FRP elastic modulus, and ft  is 
the FRP thickness. The fracture energy of the GFRP-strengthened specimens is obtained according 
to Eq (6.6) for different failure modes and is presented together with the corresponding total emitted 
AE energy in Table 6-2. Again, the value for the adhesive failure mode is obtained from the only 
specimen with pure adhesive failure, while the values presented for cohesive failure are the average 
of the specimens with (mostly) cohesive failure modes. It can be observed that the total emitted AE 
energy and the fracture energy in cohesive failure mode are much larger than in adhesive failure 
mode, as expected. However, obtaining an accurate relation between the fracture energy and AE 




































Figure 6-21: Correlations between slip and cumulative AE energy. 
 







Cohesive 0.60 4.20E+08 
Adhesive 0.40 7.20E+07 
 
6.3 IR thermography technique 
6.3.1 Principles 
The IR thermography method has been extensively used in the last years for detection and 
evaluation of defects in FRP bonded components [230, 232, 233]. Applications are mostly focused 
on qualitative assessment and localization of the defects. However, once the defects are located, it is 
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interesting to characterize them quantitatively in order to evaluate the structure performance [234]. 
Infrared thermography methods can be divided into passive infrared thermography (PIT) and active 
infrared thermography (AIT) techniques. The difference between these two methods is that external 
surface heating is required in AIT, while the specimen itself is the source of temperature difference 
in PIT. In other words, in AIT, heat energy is applied to the specimen and the surface response to 
this energy is analyzed for localization and evaluation of the defects or material discontinuities. 
Alternatively, the surface temperature of the specimen at ambient conditions is monitored in PIT 
without application of any heat energy [234]. In both methods, any abnormal temperature profile on 
the surface is representative of a defect or flaw.  
The main approaches used for surface external heating in AIT technique are pulse heating, 
step heating, and lock-in thermography [234]. In pulse heating method, a short burst of heat energy 
is applied to the specimen’s surface and thermal images are captured during the surface cooling 
process. Step heating consists of application of lower intensity heat energy with a longer duration. 
In this technique, thermal imaging is conducted during the heating process. Finally, lock-in 
thermography is similar to the step heating process, however the applied heat energy is sinusoidal.  
Pulse heating and lock-in thermography methods have been used more extensively for 
nondestructive evaluation purposes [286]. Each method has advantages and disadvantages. The 
main limitations of the pulse heating method are the area that can be uniformly heated and 
inspected, and the depth in which the defect can be detected. In the lock-in thermography method, 
larger areas can be inspected and defects at greater depths can be detected. However, each 
frequency of modulation is related to a special defect depth [286]. Therefore, for inspecting the 
specimens in their full depth, a range of exposure frequencies should be adopted, and this increases 
the number of required tests to a large extent. Since FRP delamination from the masonry substrate 
is interfacial, the pulse heating method has been used in this study. Fast and light heaters are 
available for practical applications, even if difficulties might arise in practical applications on very 
large structures (e.g. bridges) or rendered FRP applications. For non-rendered applications and for 
research purposes on the performance and durability of bond, no difficulties occur. 
Generally, the adoption of the IR thermography technique for evaluation of bond quality is 
based on the fact that the heat flux is transmitted at different rates in materials with different 
thermal properties. In a FRP-strengthened element, any defect or delamination in the interfacial 
region changes the thermal properties in that area. Therefore, if a heat flux is applied to the surface 
of a FRP-bonded element, the heat is transferred with a different rate in the defected areas with 
respect to the perfectly bonded regions. This leads to the appearance of hot or cold spots in thermal 
images depending on the heat observation method [232]. Heat observation methods can be 
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categorized as reflection and transmission methods. In the reflection observation method, see Figure 
6-22(a), the heat source and IR camera are placed at the same side of the specimen and the reflected 
heat from the specimen’s surface is detected and captured as thermal images. In this method, 
defects appear as hot spots in the thermal images. Alternatively, the heat source and IR camera can 
be located in opposite sides of the specimen (transmission observation method) and the transmitted 
heat through the specimen’s depth is measured on the surface under investigation, see Figure 
6-22(b). In this method, the defects appear as cold spots in the thermal images. In the reflection 
observation method, higher resolution is obtained but the thickness of the material that can be 
investigated is small. The transmission observation method allows inspection of materials with 
larger thickness but the information through depth is lost [234]. The present study is focused on the 






Figure 6-22: Different heat observation methods in IR thermography technique: (a) reflection 
observation method; (b) transmission observation method. 
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6.3.2 Quantitative IR thermography 
In quantitative IR thermography, besides localization of defects or flaws, the physical 
characteristics of them, such as dimensions, depth and shape, can also be evaluated. Quantitative 
analysis can be performed following direct analytical methods or inverse methods [234, 287]. Since 
direct methods bring in much complexity to the analysis of the results, more attention has been 
devoted in the literature to inverse methods, see e.g. [230, 233]. 
As described before, in the pulse thermography technique some heat energy is applied to the 
specimen for a short period and sequential thermal images are taken from the surface during the 
cooling process. After application of the heat energy, the temperature decays with time and the 
resolution of the observed defects changes at different moments. For this reason, before application 
of any analytical algorithm for evaluating the physical properties of the defects, the selection of an 
appropriate thermogram with the best contrast and resolution is necessary to obtain the highest 
possible accuracy. It is usually considered that the most appropriate thermogram is the one with the 
maximum thermal contrast [230, 233]. Once the most appropriate thermogram is selected, the size 
of different defects can be estimated with an adequate algorithm. A simple inverse method called 
two-point inflection method has been selected here, as it was previously used for detection of flaws 
and defects in FRP-strengthened concrete elements with reasonable results in [233]. Details about 
these procedures are addressed next. 
 
6.3.2.1 Maximum thermal contrast 
Figure 6-23 shows a typical temperature history of a defect and a sound area obtained from IR 
thermography tests. The time corresponding to the maximum thermal contrast is defined as the time 
in which the temperature difference between the sound and defect area is maximum [234]. 
Therefore, the thermogram corresponding to the peak value of the difference curve should be 
selected for performing the quantitative analysis. The thermal contrast can also be defined as the 
differential temperature at the defect area normalized by the differential temperature at the sound 






















       (6.7) 
where, ),,( tyxC  is the thermal contrast at time t , ),,( tyxTdef  is the temperature at the defect area at 
time t , ),,( 0tyxTdef  is the initial temperature at the defect area, )(tTsound  is the temperature at the 
sound area at time t , and )( 0tTsound  is the initial temperature at the sound area. The maximum value 
of ),,( tyxC  is then defined as the maximum thermal contrast. 





Figure 6-23: Thermal history curves of sound and delaminated areas. 
 
6.3.2.2 Inflection point method 
In this method it is assumed that the boundaries of the defects are the inflection points of a fourth 
order polynomial that is fitted through the temperature profile along the flaw [233]. Figure 6-24 
shows the longitudinal and vertical temperature profiles of a defect in a sample thermogram. The 
temperature profile around the defect can be divided into two parts from its center point (left and 
right). Each part can be estimated with a fourth order polynomial and the inflection points are 
assumed to be the respective defect boundaries. The total length of the defect along the section 
under investigation can be obtained by measuring the distance between the two calculated 
boundaries, see Figure 6-25. To avoid dependency of the results on the defect’s selected center 
point, each calculation is conducted three times considering a confidence level of 5% for the center 
point selection. In other words, the center point is moved 5% forward and backward and the 
calculations are repeated. The results are then presented as the average value of three boundary 
locations obtained for each zone. It is noted that the approximation should be conducted at different 
sections and angles along the localized defect for accurately evaluating its area and shape. 
 




Figure 6-24: Thermogram of a defect. 
 
 
Figure 6-25: Defect boundaries. Zone 1 and Zone 2 represent different left and right sections of the 
defect around the center point. 
 
6.3.3 Measurements 
The tests are performed with a F IR Therma A  T    infrared camera with spectral range of  . -
1  µm and thermal sensitivity of   .   C. Thermal videos are recorded at the rate of 9 frame/sec, at 
the cooling stage. The recorded videos are then converted into sequential 8-bit digitized photos of 
320×240 pixels for each recorded frame. In 8-bit formatting system each pixel has a value between 
0 to 255, which represents different colors and temperature variations in a linear scale. The data for 
each test are converted into 3D matrices with the size of 320×240×t, where the third dimension of 
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the matrix represents time. The temperature decay through time and analysis of the thermal images 
are performed through a Matlab code specially developed.  
Two lamps with a maximum capacity of 2000 W are used as heating sources. The lamps 
were placed at 500 mm distance from the specimens, for 30 seconds. The position and duration of 
the heat exposure are optimized to obtain the best uniform heat distribution on the specimen’s 
surfaces. 
 
6.3.4 Method validation 
Preliminary tests are performed for verification of the adopted IR thermography technique in the 
quantitative and qualitative assessment of interfacial defects. GFRP-strengthened masonry bricks 
with different artificial embedded defects in the interfacial layer are prepared to simulate 
environmental induced FRP delamination. After curing the specimens, the IR thermography method 
is used for defects localization and size estimation. 
The embedded defects are circular plastic strips with diameters of 5, 10, 15, 20, and 25 mm, 
see Figure 6-26. The perimeter of the plastic strips is glued to the brick surface to avoid their 
movement during the application. Different defect sizes are selected to obtain the minimum 
detectable defect size. The plastic strips are glued to the brick surface only at their extreme 
boundaries. Therefore, not only the movement of the strips is avoided during the FRP application, 
but also an artificial delaminated area is produced under the strips where there is no bond between 
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Figure 6-26: Details of the specimens with embedded interfacial defects. 
 
The temperature history curves of defects with different sizes are shown in Figure 6-27. It 
can be observed that the temperature decay in 5 mm defect is similar to the sound area showing that 
this defect is not detected with the adopted IR thermography method. The minimum defect size that 
is detected in the thermal images is 10 mm. It is also shown that the temperature decay in 15, 20 and 
25 mm defects are much different from the decay in 10 mm defect. For this reason, the maximum 
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thermal contrast for 10 mm defect is obtained separately from the other defect sizes, see Figure 
6-28. It can be observed that the maximum thermal contrast for 10 and 25 mm defects occur at 15 
and 31
 
s of thermal imaging, respectively. The corresponding thermograms are then selected for 
evaluating the defects sizes. 
The defect dimensions are calculated following the two-point inflection method. The 
calculations are done at longitudinal and transverse sections of each defect to obtain the defect’s 
diameter in both directions, see Table 6-3. Then, assuming the defect as an ellipse, the area of each 
defect is calculated. The predicted defects areas are given in Figure 6-29 for different defect sizes 
normalized to the actual defect area. It can be observed that the defect sizes larger than 10 mm 
diameter are predicted with a high degree of precision, with a maximum error lower than 10%. 
However, the error for the 10 mm defect size is relatively high (21%). These results validate the 
accuracy of the IR thermography technique used in this study for GFRP-strengthened masonry 
elements. Similar observations are reported in [233] for detecting the embedded flaws in CFRP-
strengthened concrete elements. 
 
 
Figure 6-27: Thermal history curves at defect locations and a typical thermogram. 
 





Figure 6-28: Maximum thermal contrast evaluation for: (a) 10 mm defect; (b) 25 mm defect. 
 





IR thermography prediction 
Horizontal diam., d1 
(mm) 




10 11.2 (err. 12.0%) 12.1 (err. 21.0%) 1.36 
15 16.3 (err. 7.5%) 14.5 (err. -3.7%) 1.05 
20 21.7 (err. 8.4%) 19.2 (err. -4.0%) 1.04 
25 25.0 (err. 0.0%) 24.1 (err. -3.6%) 0.96 
 
 
Figure 6-29: Comparison between real and calculated defect sizes. 
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6.3.5 Application to bond durability 
For investigating the applicability of IR thermography technique in the detection of environmentally 
induced delamination, the GFRP-strengthened brick specimens exposed to HT1 (temperature cycles 
of +10°C to +50°C and 90% R.H.) and FT (temperature cycles of –10°C to +30°C and 90% R.H.) 
accelerated hygrothermal conditions, see Chapter 3, are inspected with this method after different 
periods of exposure. For each exposure period, after localization of interfacial delamination, its size 
and boundaries are evaluated quantitatively and the results are presented next. 
As expected, FRP delamination is observed in some specimens after exposure to 
hygrothermal conditions. Figure 6-30 shows typical examples of specimens for each exposure 
period, where relatively large FRP delamination can be observed in the specimens exposed to HT1 
conditions. On the contrary, the specimens exposed to FT conditions have very small delamination. 
As an example, the corresponding thermal images and detected FRP delaminated areas, from IR 
thermography tests, for the specimens exposed to HT1 conditions are presented in Figure 6-31. It 
can be observed that the FRP delamination is progressively increased with the exposure time. It 
should be noted that due to the physical properties of the materials used in this study, observation of 
delaminated areas is also possible with visual assessment, see Figure 6-30. However, in case of 
strengthening with other composite materials and matrices or application of renderings over the 
strengthening visual observation is not applicable. 
 
 
Figure 6-30: Examples of specimens for different exposure periods. 
 




Figure 6-31: Qualitative assessment of delaminated areas after different periods of exposure to HT 
conditions, using IR tomography. 
 
The observed delamination can be attributed to the thermal incompatibility between 
materials. However, moisture can also play an important role in weakening the bond strength [166, 
186, 262]. The thermal expansion coefficient of clay bricks is in the order of 5×10
-6  C [125]. The 
thermal expansion coefficient of E-glass fibers is similar to the clay bricks, while for the epoxy 
resin is in the range of 3~5×10
-5  C [1]. This one-order magnitude difference of thermal expansion 
coefficient between epoxy resin and glass fibers/bricks produces large interfacial thermal strains at 
the fiber/epoxy and brick/epoxy interfaces. Cyclic temperature conditions induce thermal fatigue 
and may cause FRP delamination from the brick surface during the environmental exposure. It has 
also been reported that the thermal expansion coefficient of epoxy resins is much lower at low and 
negative temperatures [268]. This explains the small delaminated areas observed in the specimens 
exposed to the FT conditions. 
Once the delamination is localized, the captured thermograms are analyzed according to the 
two-point inflection method to quantify the FRP delaminated areas. For this reason, the temperature 
profiles are obtained along the bonded length at longitudinal sections (trying to obtain the edge lines 
and the center line of the delamination area), see e.g. Figure 6-32 to Figure 6-34. Then, the 
temperature profiles near the detached areas are fitted with a 4
th
 order polynomial curve. The 
inflection point of the estimated curve is selected as the boundary of the FRP delaminated area. 
 




Figure 6-32: Temperature profiles in a specimen exposed to 100 cycles of HT1 exposure. 
 
In the specimen exposed to 100 cycles, delamination is observed in the center of the bonded 
length, shown as a hot spot in the thermogram presented in Figure 6-32. Therefore, it is necessary to 
obtain the boundaries of the delaminated area on both sides of the defect in the longitudinal 
direction, as indicated in Figure 6-33. However, the delamination in the specimen exposed to 200 
cycles starts from the loaded end of the specimen and progresses along the bonded length, see 
Figure 6-34. Therefore, just one boundary in the longitudinal direction should be located for 
obtaining the delamination size. The large FRP delaminated area in the specimen exposed to 200 




Figure 6-33: Delamination boundaries evaluation in a specimen exposed to 100 cycles of HT1 





Figure 6-34: Temperature profiles and quantitative assessment of delaminated areas in a specimen 
exposed to 200 cycles of HT1 exposure. 
 
The observed delaminations are evaluated quantitatively in all the specimens according to 
the described methodology. Figure 6-35 presents the results as the average of five specimens in 
terms of the remaining bonded area normalized to the initial bonded area. It can be observed that the 
delamination in the specimens exposed to HT exposure is relatively large (23% reduction of bonded 
area after 200 cycles). Meanwhile, the reduction in the bonded area in the specimens exposed to FT 
conditions is very limited (2% after 200 cycles). Moreover, a sudden increase in delamination rate 
can be observed after 100 cycles of exposure to HT conditions, followed by some stabilization. 
 
 
Figure 6-35: Reduction of the bonded area with exposure cycles. 




Three full-field measurement and nondestructive testing technique were used in this chapter for 
characterization of debonding and fracture progress as well as bond quality assessment. 
The digital image correlation technique was used for obtaining the full-field distribution of 
strains and displacements in tensile tests and single-lap shear debonding tests. The tensile tests were 
performed on aluminum and GFRP coupon specimens. Aluminum was used as a homogenous 
material in which a uniform distribution of strains is expected during tensile tests. A non-uniform 
distribution of strains was observed in GFRP coupons during tensile tests. These non-uniformities 
can affect the bond behavior in FRP-strengthened masonry elements and should be considered in 
the interpretation of experimental results. 
The evolution of strains during the shear debonding tests was measured with the DIC 
technique. An advantage of DIC, when compared to conventional measurement techniques, is that a 
clear insight of distribution of strains can be obtained. This is much useful for investigating the 
three-dimensional aspects of the bond behavior and for characterizing bond-slip laws, which require 
a specific testing program. The results obtained showed also different longitudinal strain 
distributions along the bonded length at the FRP middle and edge sections. Moreover, large 
transversal strains were observed near the loaded end close to failure of the specimens, further 
confirming the three-dimensional nature of the bond behavior. Finally, it was shown how to 
calculate the effective bond length in GFRP-strengthened brick specimens from the DIC 
measurements and the obtained bond-slip behavior was presented. 
The AE technique was applied to detect and characterize fracture and crack propagation 
during the debonding of composite materials from masonry bricks. The debonding phenomenon 
was investigated by performing single-lap shear bond tests on the specimens. In order to obtain 
different values of bond strength and failure modes, accelerated ageing tests were also carried out. 
The failure mode of the specimens changed after exposure from cohesive to adhesive failure.  
The results showed that AE output can be efficiently used for investigation and 
interpretation of the fracture process during debonding. AE data, and more specifically the detected 
AE energy, was applied to characterize the different failure modes. Thereby, the cumulative 
energy/hit (E/h) ratio and Ib-value analysis were applied. While the AE energy could effectively be 
applied for failure mode characterization, the Ib-value analysis was inconclusive due to the 
progressive nature of the fracture process during debonding. A correlation was observed between 
the fracture energy and total emitted AE energy. Moreover, a close correlation was found between 
the FRP global slip and the cumulative AE energy, which can be applied for slip prediction and 
modeling purposes. The effect of failure mode on the AE outputs was significant.  
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The results indicate that the AE technique is suitable for obtaining a clearer insight into the 
debonding phenomenon and fracture propagation in laboratory tests and has potential for on-site 
health monitoring through debonding detection. Although performing comprehensive experimental 
tests is required for validation of the method and derivation of correlations with debonding fracture 
properties. 
The active IR thermography technique was used for assessing the bond quality and 
degradation due to environmental conditions. For this purpose, a quantitative IR thermography 
method was adopted for evaluating the delamination in FRP-strengthened masonry elements. The 
applicability of this method for detecting FRP delamination in GFRP-strengthened masonry 
elements was initially validated using specimens with interfacial embedded defects of different 
sizes. The IR thermography results showed that the adopted method detects defects with a minimum 
size of 10 mm with a reasonable accuracy in quantifying the size. 
The effect of environmental conditions on the bond quality was subsequently investigated 
by exposing GFRP-strengthened masonry bricks to two different accelerated hygrothermal 
conditions in a climatic chamber. The aim was to investigate the coupling effect of temperature and 
moisture on the bond quality. The IR thermography tests and visual inspection were performed 
periodically after each 50 cycles of exposure. Progressive FRP delamination was observed in the 
specimens after exposure to environmental conditions. The observed delamination, being more 
severe in specimens exposed to HT1 conditions, can be attributed to the thermal incompatibility 
between materials and induced thermal fatigue on the specimens. The size of delaminated areas was 
evaluated quantitatively with the adopted IR thermography method and the results were presented.  
Moreover, the obtained results showed the applicability of IR thermography technique in 
quality assessment of bond in durability studies for research purposes. However, application of this 
technique for field assessment of strengthened structures remains open with issues such as far field 
assessments or assessment of strengthened elements with rendering. 
 














7 Numerical modeling of the bond behavior 
 
Numerical modeling of the bond behavior is carried out using the finite element method (FEM). 
Within the finite element studies, due to the difficulties of adopting a micro-model where units, 
mortar, epoxy, and FRP are modeled separately, usually the bond behavior is modeled by using 
interface elements in a two- or three-dimensional space, see e.g. [53]. The adoption of a three-
dimensional micro model-based approach able to follow crack propagation and failure is crucial for 
understanding the fundamental mechanics of FRP-masonry interfacial behavior. The numerical 
studies about interfacial behavior are mostly devoted to micro-modeling of externally bonded FRP-
strengthened concrete elements, and only few investigations on masonry components strengthened 
with composite materials have been carried out. Usually, a two-dimensional modeling approach is 
used, e.g. [27, 39], and only a few three-dimensional analyses can be found, e.g. [70, 71]. However, 
most of the investigations have been carried out on FRP-concrete systems and scarce information 
can be found about FRP-masonry. 
In this study, the bond behavior is modeled following both simplified and three-dimensional 
meso-scale modeling approaches. Each modeling approach is described in this chapter 
comprehensively and the results are presented and validated with available experimental results. 
The experimental results are selected from an extensive experimental campaign performed in the 
framework of RILEM TC 223-MSC [34]. 
For the meso-scale modeling approach, a three-dimensional finite element model in which 
FRP sheet, epoxy resin and brick are modeled separately is used. Three-dimensional aspects of 
bond behavior such as debonding and crack propagation, failure surface, and stress distributions, 
which are usually neglected in two-dimensional models, are investigated. The effect of mortar joints 
on the bond behavior is also studied. In this regard, mortar joints with different material properties 
representing poor quality and high quality mortars are considered, and their effects on the response 
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of the strengthened element are critically discussed. A comprehensive parametric study is also 
performed on FRP axial stiffness and width, and the effectiveness of mortar joints in each case is 
investigated. 
For the simplified modeling approach, a two-dimensional plain stress finite element model is 
used. The bond behavior is modeled using interface elements with a tri-linear interfacial constitutive 
model which is proposed based on the presented experimental tests. The obtained numerical results 
are then presented and discussed critically. The validity of the approach is assessed through 
comparison with experimental data. It is shown that the FE simulations are in satisfactory 
agreement with the experimental results, in terms of force-displacement curves, strain distribution 
along the bonded length and failure mode. The proposed bond-slip model is also compared with the 
bond-slip model proposed by the Italian design code CNR DT200 [1] as an example of available 
relevant standards. 
 
7.1 Reference experimental tests 
7.1.1 Outline 
A wide experimental campaign aimed at investigating the bond behavior of FRP-bricks through 
single-lap shear bond tests has been carried out at the University of Minho, using different 
composite materials namely carbon, glass, basalt, and steel. A short review of the experimental 
program and results are presented in this section, while the detailed description can be found in 
[34]. 
Single-lap shear bond tests were performed on the specimens for mechanical 
characterization of the bond behavior. The FRP/SRP strips of 50 mm width were applied on 
masonry bricks following the wet lay-up procedure. The bonded length of the strips was equal to 
160 mm with a 40 mm unbonded part at the loaded end, as illustrated in Figure 7-1. Six specimens 
were tested for each type of composite material. 
The tests were performed using a closed-loop servo-controlled testing machine under 
displacement controlled conditions. The displacements were imposed following a constant speed of 
 μm min at the end of the FRP strip. The resulting load was measured by means of a load cell, 
while the strain distribution was obtained from four strain gauges attached to the composite material 
surface, see Figure 7-1. In particular, three strain gauges were glued on the bonded area and one 
was glued on the unbonded area. 
 




Figure 7-1: Geometry of the reference FRP-masonry brick specimens. 
 
The masonry units used as the substrate were clay bricks with dimensions of 
250×120×55 mm
3
, a mean compressive strength of 19.8 MPa (CoV=2.5%), a tensile strength of 
2.0 MPa (CoV=4%), and elastic modulus of 5580 MPa (CoV=5.2%). The compressive strength 
values of the bricks were kindly provided by the University of Padova in the framework of RILEM 
TC 223-MSC [34]. The fracture energy of the brick has been selected equal to 12.5 N/mm for 
compression, 0.19 N mm in for tension, and Poisson’s ratio equal to  .  based on the available data 
in the literature, e.g. [257, 288]. The experimentally obtained mechanical characteristics of the 
composite materials are shown in Table 7-1 in terms of elastic modulus, fE , tensile strength, tf , 
ultimate deformation, max , and composite thickness, ft . 
 










CFRP 202100 2525 1.16 0.17 
GFRP 77160 1350 1.86 0.12 
BFRP 86090 1499 1.74 0.14 
SRP 192900 2876 1.66 0.23 
 
7.1.2 Experimental results 
The local bond stress-slip (τ–s) curves have been obtained from the experimental strain profiles 
measured along the FRP reinforcement at different load levels based on the approach given in [59], 
see Figure 7-2. In fact the bond stress distribution within the bonded length can be evaluated by 
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imposing the equilibrium condition of an FRP strip with a length dx bonded to masonry, assuming 







 )(           (7.1) 
where dxd f /  is the gradient of FRP strain along the sheet length captured by the strain gauges, fE  
is the FRP elastic modulus, and ft  is the FRP thickness. Moreover, the slip at distance x from the 
free end of the specimen can be calculated assuming a zero slip in the free end as: 
 dxxs f)(            (7.2) 
As the strain values along the element are captured in a discrete form, the bond stress and slip 

















































Figure 7-2: Experimental strain distributions along the bonded length for all strengthened specimens 
(only the first specimen is shown): (a) CFRP; (b) GFRP; (c) BFRP; (d) SRP. 
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The local bond-slip behavior (τ-s curve) along the bonded length in the tested specimens, 
which is used in this study as the basis for the adopted bond-slip model, can be obtained analytically 
using Eqs. (7.3) and (7.4). Furthermore, the total relative displacement of the composite strip can be 
obtained using Eq. (7.4) assuming that the strain at the loaded end is given by the strain gauge 4 
placed in the unbonded zone. This evaluation is based on the assumption that strain is constant 
along the unbonded zone. The analytical τ–s curves may show some irregularity as they are 
obtained based on discrete and limited strain readings. While numerical integration has a smoothing 
effect, numerical differentiation tends to magnify these irregularities [59].  
The strain profiles shown in Figure 7-2 are for different load levels of 20%, 40%, 60%, 
80%, and 100% of the ultimate load. As it can be seen, for low load levels the strain profiles follow 
an exponential curve, indicating that the load transfer occurs along a short length close to the loaded 
end. With an increase in the load level, longer load transfer lengths are mobilized, which is in 






Figure 7-3: Local bond stress-slip curves for all strengthened specimens (the envelopes of six tests 
are shown): (a) CFRP; (b) GFRP; (c) BFRP; (d) SRP. 
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The local bond-slip curves of the specimens have been obtained by means of Eqs. (7.3) and 
(7.4) using the strain distributions obtained from the experimental tests. As an example the envelope 
of the local bond-slip behavior near the loaded end (strain gauge 3 in Figure 7-1) is shown in Figure 
7-3 for each composite material. From visual observation it can be noted that a similar overall 
behavior is found for different composite materials with small differences in bond strength and slip. 
The bond-slip curves in all the specimens follow a tri-linear trend with a plastic branch in the 
middle. Based on this observation, a tri-linear bond-slip law has been adopted for numerical 
analyses, which is described in the next sections. 
The global force–relative displacement behavior of the specimens has been obtained using 
the force-slip values at the loaded end of the specimens in each step. The resulting curves are shown 
in Figure 7-4 for all the specimens. A relatively ductile behavior is observed in the force–relative 






Figure 7-4: Experimental force–relative displacement curves for all strengthened specimens: 
(a) CFRP; (b) GFRP; (c) BFRP; (d) SRP. 
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In order to obtain better insight into the experimental results, a comparison is made between 
different FRP composites by illustrating the envelopes their of force–relative displacement curves in 
Figure 7-5. It can be seen that the specimens strengthened with CFRP and SRP have similar global 
behavior, while some similarity also exists between BFRP and GFRP strengthened specimens. In 
general, BFRP and GFRP specimens have lower strength and higher ductility than CFRP and SRP. 
This result seems to be a direct consequence of the mechanical and geometrical properties of the 
composite materials, see Table 7-1, and will be further discussed with the assistance of numerical 
modeling. In all specimens, delamination of the FRP strip with a thin and uniform layer of brick 
(approximately 1 mm) was observed. 
 
 
Figure 7-5: Envelope of experimental force–relative displacement curves. 
 
7.2 Meso-scale modeling 
7.2.1 Finite element model 
7.2.1.1 Outline 
A three-dimensional nonlinear Finite Element (FE) model is adopted for modeling the typical 
single-lap shear bond tests on FRP-strengthened masonry bricks, see Figure 7-6. Due to the 
symmetry of the model configuration, only half of the structure is modeled. The boundary 
conditions are applied as given in the reference experimental tests. A monotonic incremental 
displacement is applied at the end of the FRP sheet in order to simulate the pulling force.  
The analysis is carried out in the FE code DIANA [289]. The adopted mesh includes twenty-
node solid elements (denoted by CHX60) to model the brick and epoxy layer, and eight-node shell 
elements (denoted by CQ40F) for the FRP. Perfect bond is assumed between the FRP strip and the 
epoxy layer, and between the epoxy layer and brick. 








Figure 7-6: Adopted finite element model: (a) elevation; (b) top view (x-y plane). 
 
7.2.1.2 Material models 
A smeared crack model is used for modeling the debonding progress and crack propagation in 
masonry, while linear elastic behavior is assumed for the FRP and the adhesive layer. Since failure 
occurs in the upper layer of the brick, this assumption seems reasonable. 
Crack models in advanced finite element software packages are usually based on the 
smeared crack or discrete crack modeling approaches. Since smeared crack modeling approaches do 
not require remeshing of the FE model after occurrence of cracks or a priori definition of possible 
location of cracks, they have been widely used in FE modeling. The FE code DIANA includes the 
following smeared crack modeling approaches: total strain fixed crack model (FCM), multi-
directional fixed crack model (MFCM), and total strain rotating crack model (RCM). 
In the fixed smeared cracking approach, the orientation of crack is fixed after appearance of 
the first crack. Consequently, shear stresses develop in the crack plane with the change in direction 
of principal stresses during the analysis. A reduction in severity of the mesh bias problem, a better 
representation of strut and tie mechanisms in the substrate, and the definition of the parameters from 
well-established standard tests are the advantages of this approach, while the shear stress locking 
problem can be noted as the main disadvantage [290, 291]. The shear stiffness after cracking is 
given by the shear retention factor, which can be a constant (low) value between 0 and 1, or a 
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vanishing value with crack opening. Here, constant values equal to 0.01 and 0.1 are adopted. 
Different solutions, such as mesh refinement or using negative values for the shear retention factor, 
have been proposed for solving the problem of shear locking, but following the crack development 
in delamination problems remains impossible using this method [291]. 
Multi-directional fixed crack or rotating crack models seem more suitable for debonding 
problems, in which high shear stresses develop. In the MFCM, if the angle between the principal 
tensile stress and crack orientation becomes larger than a specified value, θ, new orthogonal cracks 
form in the direction of the principal stresses and the old cracks become deactivated. In the special 
case where θ is equal to zero, the crack direction is always perpendicular to the principal stress 
direction, providing a rotating crack model (RCM) approach. 
The ability of fixed and rotating smeared crack modeling approaches in simulating the bond 
behavior in FRP-strengthened masonry elements is investigated in section 7.3.2.2. Here, the 
behavior of the brick is modeled using a parabolic hardening/softening model in compression and 
an exponential softening model in tension. The reduction of compressive strength due to lateral 
cracking is also considered using the model proposed by Vecchio and Collins [290]. 
 
7.2.2  Model validation 
The experimental results obtained for CFRP-strengthened brick specimens, explained in section 7.2, 
are used in this study for validation of the FE model. The experimental results are validated in terms 
of force-slip diagrams and strain distribution along the FRP.  
7.2.2.1 Mesh dependency of the model 
Three different mesh sizes are used, Mesh 1 (coarsest mesh) to Mesh 3 (finer mesh), in order to 
assess convergence of the results. The minimum element size, the total number of elements and the 
total number of nodes for each mesh are shown in Table 7-2. 
Figure 7-7 presents the obtained force-slip curves with different mesh sizes, considering the 
usual regularization of the fracture energy according to the element size [292]. Mesh 2 and Mesh 3 
produced similar results, while the results predicted with the coarsest mesh (Mesh 1) are slightly 
different and indicate that the mesh is not sufficiently refined. As for the local behavior, the strain 
distributions along the bonded length are shown in Figure 7-8 for two load levels of P/Pu =0.2 and 
P/Pu=1.0. In case of the P/Pu =0.2, the strain (and stress, as linear elastic behavior is assumed for the 
FRP) distributions predicted with different mesh sizes are almost identical, while in P/Pu=1.0, the 
results predicted by Mesh 1 are different from other mesh types. 
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Total no.  
of elements 
Total no.  
of nodes 
Mesh 1 1 2700 12271 
Mesh 2 0.5 13900 59925 
Mesh 3 0.25 106800 443849 
 



















Figure 7-7: Force-slip curves obtained for different mesh sizes. 
 































Figure 7-8: Effect of mesh size on strain distributions in the FRP sheet. Note that the results for all 
meshes coincide for P/Pu=0.2 and the results for P/Pu=1.0 coincide for Mesh 2 and Mesh 3. 
 
The normal and shear stress distributions in the adhesive-brick interface and the adhesive 
mid-section are also investigated for different mesh sizes at the ultimate load level, see Figure 7-9. 
The stresses are obtained at the nodes by the usual averaging procedures. In the adhesive mid-
section, the normal stresses in Mesh 1 are again slightly different from the stresses from other mesh 
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types near the loaded end. By moving towards the free end the results converge for all types of 
meshes. The shear stresses are almost identical for all mesh sizes with a slight difference of Mesh 1 
and some fluctuations in Mesh 2 near the loaded end. The stress distribution coincides in all meshes 
after a short distance from the loaded end, similarly to the strain distributions. In the adhesive-brick 
interface a similar difference exists near the loaded end between the results obtained from Mesh 1 
and the results obtained from Mesh 2 and Mesh 3. Moreover, the stresses increase with mesh 
refinement at the loaded end due to the existence of stress singularities, as expected and discussed 
e.g. in [27, 293, 294]. 
The comparison made indicates that Mesh 2 and Mesh 3 are fine enough for obtaining 
reasonable results. Therefore, the results presented hereafter are obtained using the model with 
Mesh 2. 
 













































































































Figure 7-9: Effect of mesh size on stress distributions at the ultimate load level, P/Pu=1.0: 
(a) adhesive mid-section; (b) adhesive-brick interface. 
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7.2.2.2 Material crack models 
The force-slip curves obtained using different crack models are shown in Figure 7-10 in comparison 
with the envelope of the experimental curves. Since the effect of using different softening models 
has been found to be negligible [27], an exponential softening model is adopted in this study for all 
cracking models. In the fixed smeared crack model (FCM), constant shear retention factors of β= .1 
and β= . 1 are used. It can be observed that the results predicted by the rotating crack model 
(RCM) is in reasonable agreement with the experimental results, while the other crack models do 
not produce satisfactory results. The shear stress locking problem in the fixed smeared crack models 
resulted in an increase in the shear stresses even after full crack development.  
A comparison of experimental and numerical results in terms of strain distribution along the 
FRP sheets is also made for two different load levels of P/Pu=0.2 and P/Pu=1.0, see Figure 7-11. For 
P/Pu=0.2, the strain distributions are predicted accurately in all cracking models, as the results are 
mostly elastic. On the other hand, for P/Pu=1.0 only the results obtained from RCM and FCM 
(β= .1  are in relatively good agreement with experimental results. 
In general, the results show that RCM can provide better results than FCM. Therefore, this 




Figure 7-10: Force-slip curves obtained for different crack models. 
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Figure 7-11: Strain distributions along the FRP sheet for different crack models: (a) P/Pu=0.2; 
(b) P/Pu=1.0. 
 
7.2.3 Three-dimensional effects 
The normal and shear stresses (at P/Pu=1.0) along the edge and middle (center line) of the FRP 
sheet are shown in Figure 7-12 and Figure 7-13 at mid-height-adhesive and brick-adhesive sections, 
respectively. It can be seen that the stress distribution is different along the FRP width, especially in 
the case of shear stresses (Figure 7-12 (b) and Figure 7-13 (b)), due to the boundary effect. In this 
case, at the mid-height-adhesive section the maximum normal compressive stress is 6.3 MPa along 
the edge of the FRP sheet, and 5.8 MPa along the middle. On the other hand, the maximum tensile 
stress along the FRP edge is 3.6 MPa and 4.5 MPa along the FRP middle. In case of the maximum 
shear stress, the difference is rather large in absolute value up to 80 mm from the loaded end. Along 
the FRP edge the maximum (absolute) shear stress is 10.8 MPa, while along the middle a value 
about 3.6 times lower was obtained (3.0 MPa). At the brick-adhesive section, the maximum normal 
compressive stress is 16.2 MPa along the edge of the FRP sheet, while it is 14.5 MPa along the FRP 
middle. The maximum tensile stress along the FRP edge is 2.8 MPa, while it is 3.4 MPa along the 
FRP middle. The maximum (absolute) shear stress approaches 13.5 MPa and 8.13 MPa along the 
FRP edge and middle, respectively. It can be observed that a considerable difference exists between 
the shear stresses along the FRP edge and middle. This difference, also reported for FRP-
strengthened concrete elements in [71], shows the three-dimensional nature of the debonding 
problem which is neglected in conventional 2D modeling approaches. Moreover, the significant 
difference of compressive and tensile stresses between mid-height-adhesive and brick-adhesive 
sections shows the existence of relevant bending stresses near the loaded end, which are larger at 
the edge of the FRP sheet. 
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(a) (b) 
Figure 7-12: Stress distributions along the bonded length at mid-height-adhesive section at 
P/Pu=1.0: (a) normal stress; (b) shear stress. 
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(a) (b) 
Figure 7-13: Stress distributions along the bonded length at brick-adhesive section at the ultimate 
load level, P/Pu=1.0: (a) normal stress; (b) shear stress. 
 
The numerical distribution of cracks inside the specimens is plotted in Figure 7-14 for the 
case of P/Pu=0.8. It can be seen that failure occurred involving a thin layer of the brick, whereas the 
remaining brick exhibits no damage. This result is in very good agreement with the experimental 
results. Another phenomenon observed in the experimental tests was that the debonded area was 
larger than the FRP bonded area, indicating the propagation of cracks along the FRP width and 
length. The adopted model was able to capture this aspect also. As shown in Figure 7-14 (b), the 
cracks propagate out of the bonded area in the brick surface. 
 







Figure 7-14: Numerical crack pattern of the FRP and brick specimen modeled in 3D at P/Pu=0.8: 
(a) side view; (b) top view. 
 
7.2.4 Role of mortar joints 
The effect of mortar joints on the debonding behavior of FRP-strengthened masonry elements is 
investigated in this section. It has been widely accepted in the literature that FE models, when 
validated with experimental results, can be used effectively to simulate similar problems and avoid 
performing extensive experimental tests. The debonding problem in masonry prisms is a very 
complex phenomenon, and the validated FE model is used to gain insight of the phenomenon, as a 
laboratory simulation. For this purpose, two mortar joints with 15 mm thickness are added to the 
brick model described in the previous section, see Figure 7-15. The total strain rotating crack model 
is used again for modeling the cracking behavior of bricks and mortar joints. The material 
properties used for the FRP sheet and bricks are kept unchanged. Two different material properties 
are used for the mortar joints, representing high (M1) and low quality (M2) mortars, respectively, 
with mechanical characteristics summarized in Table 7-3. Different FRP axial stiffness (Eftf) and 
width (the ratio of FRP width to brick width, r=bf/b) are considered in the numerical analysis to 
understand the effect of the different parameters. The reference FRP axial stiffness, Eftf, and width 
ratio, r, are equal to 34.3 kN/mm and 0.42, respectively. 
 
 




Figure 7-15: Adopted finite element model for FRP-strengthened masonry prism. 
 













M1 8 0.1 10 2.7 1.0 0.035 
M2 2 0.1 3 1.8 0.25 0.018 
 
7.2.4.1 Global behavior 
The numerical force-slip curves obtained for mortars M1 and M2 are shown in Figure 7-16 together 
with the model without mortar joints (reference model) for different FRP axial stiffness. It can be 
observed that the bond strength tends to decrease when the mortar becomes weaker, as expected. 
Moreover, the decrease in the bond strength increases for higher FRP axial stiffness. For 
Eftf=34.3 kN/mm, the maximum debonding force in the model without mortar is 7.5 kN, while it is 
7.0 kN (–6%) for mortar M1 (with high quality) and 5.2 kN (–30%) for mortar M2 (with poor 
quality). For Eftf=20.2 kN/mm, the maximum debonding force in the model without mortar is 
5.9 kN, while it is 5.5 kN (–6.14%) for mortar M1 and 5.2 kN (–10.9%) for mortar M2. For 
Eftf=8.4 kN/mm, the maximum debonding force in the model without mortar is 4.2 kN, while it is 
3.9 kN (–5.7%) for mortar M1 and 3.8 kN (–9%) for mortar M2. The variation of bond strength 
with FRP axial stiffness is shown in Figure 7-17. The effect of high quality mortar in the bond 
strength seems negligible for the cases studied here. On the other hand, the bond strength decreased 
significantly in the models with poor quality mortar for higher values of FRP axial stiffness. 
The effect of mortar joint quality on the bond strength is also investigated for different r 
(FRP width to brick width) ratios. Three different r ratios equal to 0.42, 0.7, and 0.9 are considered. 
The modeling strategy is to keep the brick width constant (120 mm) and increase the FRP width 
according to the corresponding r ratio. The bond strength variation for different r ratios and mortar 
quality is shown in Figure 7-18. The bond strength increases with the FRP width. Again, the mortar 
quality affects the bond strength, especially for higher FRP axial stiffness. 
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Figure 7-16: Force-slip curves for different mortar types and FRP axial stiffness for r=0.42: 
(a) Eftf=34.3 kN/mm; (b) Eftf=20.2 kN/mm; (c) Eftf =8.4 kN/mm. 
 
 
Figure 7-17: Variation of bond strength with FRP axial stiffness for r=0.42. 
 
It is expected that the decrease in bond strength in the models with poor quality mortar can 
be regained by increasing the bond length. This is investigated by increasing the bond length in the 
M2 models from 160 mm to 190 mm. The 30 mm increase in bond length is equal to the total 
thickness of mortar joints. The results are shown in Figure 7-19 in terms of force-slip curves. It can 
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be seen that the original bond strength of the model without mortar has been regained, which is a 
much relevant result for practical applications. 
 
 
Figure 7-18: Effect of FRP width ratio, r, on the bond strength: (a) Eftf =34.3 kN/mm; 
(b) Eftf =8.4 kN/mm. 
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(c) 
Figure 7-19: Effect of increase in the bond length in model M2 for r=0.42: (a) Eftf =34.3 kN/mm; 
(b) Eftf =20.2 kN/mm; (c) Eftf =8.4 kN/mm. 
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7.2.4.2 Local stress and strain distributions 
Investigating the local stress and strain distributions is crucial for the understanding of the 
interfacial behavior obtained in numerical models with a bond-slip law. Moreover, the three-
dimensional nature of debonding can be investigated from the analysis of local stress and strain 
distributions.  
The normal and shear stress distributions along the bonded length in the brick-adhesive 
interface are shown in Figure 7-20 for Eftf=34.3 kN/mm and P/Pu=1.0. The normal stress 
distribution in model M1 is similar to the reference model, with slightly higher stress values near 
the loaded end. The normal stresses of M2 exhibit fluctuations near the loaded end and the mortar 
joints. The shear stress distributions of the reference model and of model M1 have similar behavior, 
with only small differences near the loaded end. On the other hand, the shear stress distribution in 
model M2 shows sudden drops in correspondence of the mortar joints, due to the formation of large 
cracks. Moreover, a different distribution of stresses is observed between the FRP edge and middle 
in both M1 and M2 prisms, see Figure 7-21. This difference, being an evidence of three-
dimensional nature of debonding problem, significantly increases with the FRP axial stiffness. 
However, for higher values of r ratio the difference between stress distributions along the FRP edge 




Figure 7-20: Stress distributions along the bonded length at brick-adhesive section at the ultimate 
load level, P/Pu=1.0: (a) normal stress; (b) shear stress. 
 







Figure 7-21: Shear stress distributions along the bonded length at the interface for P/Pu=1.0: 
(a) prism with mortar M1; (b) prism with mortar M2. 
 
7.2.4.3 Local FE bond-slip behavior 
The local bond-slip curves along the bonded length can be obtained from FE results. As an 
example, the bond-slip behavior at four different sections is presented in Figure 7-22 for the 
reference model, Eftf =34.3 kN/mm and r=0.42. The sections are selected in such a way to 
understand the differences of local bond-slip behavior in the brick-adhesive and mortar-adhesive 
interfaces in different positions. 
The numerical bond-slip curves obtained at sections 1 (first brick) and 2 (first mortar joint) 
are characterized by an almost bilinear trend with ascending and descending branches. The 
descending branch starts when the substrate material reaches its softening behavior due to the 
occurrence of large cracks. Such behavior is common in M1 and M2 models. The bond-slip curves 
evaluated at points 3 and 4 are characterized by an ascending branch with low slip values showing 
that these sections are still in their linear range of behavior. In the M2 model, brick and mortar in 
sections 1 and 2 have reached the maximum slip and the FRP has completely debonded in these 
sections. The bond strength in the brick-adhesive section, section 1, is 1.7 MPa. However, the bond 
strength in the mortar-adhesive section, section 2, is 1.5 MPa in model with mortar M1 and 0.5 MPa 
in model with mortar M2. 
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It can be seen that the response of the brick-adhesive and mortar-adhesive in terms of bond-
slip curves can be different, especially when poor mortar quality is considered. This aspect requires 
further consideration when interface elements or bond-slip models are used. Possible solutions are 






Figure 7-22: FE local bond-slip curves: (a) model with mortar M1; (b) model with mortar M2. 
 
7.2.4.4 Crack distribution 
As discussed before, the failure mechanism in the experimental tests using FRP-brick specimens 
involved only the external layer of the bricks. The crack patterns obtained at the peak load for the 
models with mortar joints are now illustrated in Figure 7-23 for two r ratios of 0.42 and 0.9. In case 
of r equal to 0.42 and mortar type M1, the cracks propagate slightly inside the masonry prism, while 
in model M2 they propagated in depth within the specimens. The crack propagation occurs 
especially near the mortar joints, as it is expected from the strain and stress distributions described. 
However, in the model with r equal to 0.9 the cracks propagated deeply inside the brick and mortar 
in both models, being deeper in model M2. 
 





Figure 7-23: Crack distributions for Eftf =34.3 kN/mm and different r ratios: (a) r=0.42; (b) r=0.9. 
 
7.3 Simplified modeling 
7.3.1 Finite Element model 
7.3.1.1 Outline 
The numerical analysis is performed with a plane stress model in the FE code DIANA, see Figure 
7-24. The adopted mesh includes eight-node plane stress elements (denoted as CQ16M) for 
representing the masonry unit, two-node truss elements (denoted as L2TRU) for the FRP strip, and 
six-node zero-thickness interface elements (denoted as CL12I) for the FRP-brick interface. The 
constraints and loading conditions are applied to the model as shown in Figure 7-24. An 
incremental monotonic displacement load is applied to the free end of the FRP strip for simulating 
the test conditions. A modified Newton-Raphson iterative scheme together with the line search 
method is used for solving the nonlinear equations. 
 
 
Figure 7-24: 2D finite element model. 
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7.3.1.2 Material models 
Isotropic elastic material models are used for brick and FRP sheets. The validity of this assumption 
is discussed comprehensively in Section 7.4.2. The mechanical properties selected for brick and 
FRP sheets are those obtained from the tests. 
Based on the observed local bond response of specimens, a bond-slip model is proposed for 
simulating the bond behavior, see Figure 7-25. The adopted bond-slip model is defined by four 
parameters being bond strength, max , the slip value corresponding to the elastic limit, s , the slip at 
the end of the plastic branch, 1s , and the ultimate slip, us . These parameters are obtained for each 
composite material by performing a parametric study to obtain the best global (force–relative 
displacement behavior) and local (strain distribution along the bonded length) responses in 




Figure 7-25: Proposed bond-slip model. 
 
7.3.2 Model validation 
7.3.2.1 Comparison with experimental results 
The numerical results are compared with the experimental results in Figure 7-26 to Figure 7-28 in 
order to assess the reliability of the proposed model. 
Figure 7-26 shows the comparison between the global force–relative displacement curves 
obtained from numerical analysis and the envelope of the experimental results. The numerical 
results fit the experimental results with reasonable accuracy. It can be seen that the bond strength, 
bond stiffness, and ductility have been simulated reasonably. 
Accurate prediction of strain distribution along the bonded length is crucial in predicting the 
evolution of debonding and computing the effective transfer length, which are key issues in design 
procedures. It is observed in this study that the adopted bond-slip model plays an important role in 
predicting the strain distribution along the bonded length of the FRP sheets and its proper selection 
182 | Durability analysis of bond between composite materials and masonry substrates 
 
 
is crucial in delamination problems. Figure 7-27 and Figure 7-28 show that the numerical strain 
distribution along the bonded length is in good agreement with the corresponding experimental 
values captured by the strain gauges. The comparison is made for P/Pu=0.4 and 0.8, corresponding 
to moderate and high levels of nonlinear behavior, respectively. To the knowledge of the authors, in 






Figure 7-26: Force–relative displacement curves for all strengthened specimens: (a) CFRP; 

















Figure 7-28: Strain distributions: (a) BFRP-; (b) SRP-strengthened specimens. 
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A comparison of the experimental local bond-slip behavior with the adopted bond-slip 
model is shown in Figure 7-29. It can be observed that the proposed bond-slip model fits the 
experimental bond behavior quite well.  
BFRP- and GFRP-strengthened specimens have shear fracture energies comparable to 
CFRP-strengthened specimens, which can be attributed to the same failure mechanism, see Figure 
7-25. BFRP- and GFRP-strengthened specimens exhibit higher ductility than SRP- and CFRP-
strengthened specimens, see Figure 7-26. This similarity also exists in the case of effective transfer 
length. The effective transfer length in BFRP- and GFRP- strengthened specimens is around 80 mm 







Figure 7-29: Comparison of the adopted bond-slip model and experimental bond behavior: 
(a) CFRP-; (b) GFRP-; (c) BFRP-; (d) SRP-strengthened specimens. 
 
7.3.2.2 Verification of the model assumptions 
The main assumption made in this modeling approach is that the brick and FRP composite materials 
are elastic and all the nonlinearities are concentrated in the interface region. This assumption is 
verified in this section by investigating the stress fields in the FRP and masonry brick. 
Chapter 7: Numerical modeling of the bond behavior 185 
 
 
The normal stresses along the FRP sheets at the ultimate stage of the nonlinear analysis are 
presented in Figure 7-30. The maximum stress values are considerably lower than the tensile 
strength of FRP composites given in Table 7-1, which confirms the elastic behavior of FRP strips in 
the analysis. This figure also shows that the maximum stress developed in the FRP sheets is almost 
the same for all FRP types, which can be attributed to the same failure mode observed in all 
specimens. The maximum principal stress distributions in the bricks are also controlled at the 
ultimate stage of the nonlinear analysis, see Figure 7-31. As expected, with the exception of some 
localized peak values, the tensile stresses in the bricks are lower than their corresponding strengths. 
The results show that FRP composites and bricks are in their elastic regime. 
 
 







Figure 7-31: Stress contours in the bricks for the maximum principal stresses for all strengthened 
specimens: (a) CFRP; (b) GFRP; (c) BFRP; (d) SRP. 
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7.3.3 Discussion on guideline provisions 
The proposed tri-linear bond-slip model is compared with the bond-slip model proposed in the 
Italian CNRDT200 provisions [1]. CNR DT200 proposes a bi-linear bond-slip model as illustrated 
in Figure 7-32. This model, which is provided for FRP-strengthened concrete elements but also 
used for masonry elements, can be obtained by identifying three parameters, namely the 
characteristic fracture energy, fG , the elastic stiffness, 1k , and the ultimate slip, us . 
 
 
Figure 7-32: Bilinear bond-slip law proposed by CNR DT200. 
 
A simplified relation is proposed in CNR DT200 for calculating the characteristic fracture 
energy of the FRP-masonry elements, defined as the area under the bond-slip curve: 
MtmMkf ffcG 1           (7.5) 
where 1c  is an empirical coefficient that should be obtained experimentally or can be assumed to be 
equal to 0.015, Mkf  is the characteristic compressive strength of masonry, and Mtmf  is the average 
masonry tensile strength. The characteristic compressive strength can be evaluated according to the 
Eurocode 6 [295], see Eq. (7.6), and the masonry average tensile strength can be assumed to be 
equal to 10% of the characteristic compressive strength according to CNR DT200. Another 
approach for obtaining the characteristic values is dividing the mean values by 0.7, which is 
followed in this study for obtaining the characteristic compressive strength of masonry bricks.  
3.07.0
cmcbMk fKff            (7.6) 
where K  is assumed to be equal to 0.55, and cbf  and cmf  are the compressive strengths of brick 












1            (7.7) 
Chapter 7: Numerical modeling of the bond behavior 187 
 
 
where for c  a range of 0.5 to 0.7 is suggested (0.5 was selected for this study), at  and Mt  are the 
adhesive and masonry nominal thickness, and aG and MG  are the adhesive and masonry shear 
modulus, respectively. For the value of ultimate slip, us  in Figure 7-32, CNR DT200 suggests a 
range of between 0.2 and 0.3 mm. These parameters are calculated following the CNRDT200 
approach and are presented in Table 7-4. Moreover, the corresponding bond-slip curves are 
compared with those proposed in this study in Figure 7-33. 
 
Table 7-4: Parameters of the bond-slip model proposed by CNR DT200. 








GFRP 0.048 2.20 0.31 
BFRP 0.052 2.38 0.34 






Figure 7-33: Bond-slip models proposed by CNR DT200 for all strengthened specimens: (a) CFRP; 
(b) GFRP; (c) BFRP; (d) SRP. 
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Assuming the value of 0.015 for the parameter 1c  resulted in a low fracture energy, 0.098 
N/mm, compared to the experimental fracture energy. For this reason, this parameter is obtained 





c 1           (7.8) 
A comparison of the CNR DT200 bond-slip model with the proposed bond-slip model and 
experimental bond behavior, Figure 7-33, shows that the bond-slip model proposed by CNR DT200 
differs slightly from the observed experimental bond behavior in GFRP-, BFRP-, and SRP-
strengthened specimens. This difference is more clearly observed in the peak strength values, which 
are always higher than experimental and numerical results. The maximum slip differs slightly from 
the experimental envelope, see Table 7-6, but it does not greatly affect the global behavior since the 
same fracture energy has been obtained. The stiffness of the bond-slip model falls inside the 
experimental envelope when the parameter c is set equal to 0.5 as the best choice. 
An issue worth noting is that the bond-slip model proposed in CNR DT200 is similar for 
different FRP types. For instance, the predicted bond-slip models for CFRP-, GFRP-, and BFRP-
strengthened bricks are almost the same, while different behavior has been observed in the 
presented experimental and numerical results in terms of local bond behavior and global force–
relative displacement curves. The results show that the bond-slip behavior is a function of 
mechanical properties of both the composite material and substrate, taking into consideration the 
governing failure mode, which should be considered in design procedures. However, it is still 
necessary to perform comprehensive experimental and numerical studies to propose such a general 
bond-slip model for FRP-strengthened masonry elements. 
 









CFRP 28.57 1.5 0.36 0.055 
GFRP 28.57 1.5 0.31 0.048 
BFRP 28.57 1.5 0.34 0.052 
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CFRP 0.22–0.36 0.35 
0.2-0.3 
GFRP 0.37–0.48 0.45 
BFRP 0.31–0.43 0.33 
SRP 0.17–0.24 0.20 
 
7.4 Conclusions 
Finite element analysis was used in this chapter to model the bond behavior between FRP and 
masonry. The modeling was conducted at two different scales.  
First, a fully three-dimensional nonlinear model was adopted, in which FRP, epoxy and the 
brick substrate were modeled separately. Different smeared cracking models and mesh sizes were 
used to obtain numerical convergence and results that compare well to available experimental data. 
It was found that the rotating smeared crack model is suitable for predicting debonding. The 
accuracy of the model was verified by comparing the overall (force-slip curves) and local (strain 
distributions along the bonded length) response of the model with experimental results. The crack 
distribution and the failure mode were found in good agreement with the experimental results. It 
was shown that failure surfaces and crack propagation have a three-dimensional nature. In 
particular, the interfacial stress distributions were different along the FRP edge. 
The effect of mortar joints on the bond behavior was studied by modeling two mortar joints 
along the bonded length. Different material properties were used for the mortar joints representing 
poor and high quality mortars. The effects of mortar joints were investigated on the global and local 
response of the strengthened elements. It was observed that a poor quality mortar may lead to a 
significant reduction of the bond strength. This effect reduces with decreasing FRP axial stiffness. It 
was also shown that a solution to regain the original bond strength is to increase the effective bond 
length in the presence of poor quality mortar. Moreover, the difference of stress distributions 
between the FRP edge and FRP middle sections was larger in the model with poor quality mortar. 
The effective bond length was observed to increase significantly in the model with poor quality 
mortar. The local bond-slip curves obtained from the FE results showed that the bond behavior is 
different in brick-adhesive and mortar-adhesive interface, with much larger slip in the model with 
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poor mortar quality. A solution to this problem for macro-modeling approaches is to use an average 
bond-slip model or different bond-slip models in brick-adhesive and mortar-adhesive interfaces. 
Second, a simple two-dimensional plan stress model, in which the bond behavior is 
presented with interface elements, was adopted. Based on the available experimental results a 
simple tri-linear bond-slip model was proposed in this study to be used for the interface elements. 
The proposed bond-slip model was validated by comparing the experimental and numerical results. 
A good agreement was found between the analysis and experimental results in terms of global and 
local behavior. This agreements also found in highly nonlinear ranges of behavior (80% of the peak 
load), confirming the accuracy of the adopted method and appropriate selection of the bond-slip 
model. 
A comparison was also performed between the proposed bond-slip model and the one 
proposed by the Italian design code CNR DT200, and some relevant aspects for design procedures 
were presented. It was shown that the code proposes the same bond-slip model for strengthened 
masonry with different FRP types. However, results presented in this study showed that the bond 
behavior varies from one FRP type to another, depending on the mechanical properties and 
governing failure mode. 









8 Bond degradation effects at structural level 
 
The effect of accelerated environmental conditions on the bond behavior and mechanical properties 
of materials was investigated in Chapter 5. The observed degradation levels due to environmental 
conditions varied, being the highest degradation related to exposure HT1 (high humidity 
environment). However, it was not clear how these degradations at the material and interface level 
affect the global performance of the structure and this is the main subject of the present chapter.  
The effect of local material degradation on the performance of FRP-strengthened masonry 
panels is now numerically investigated through FE modeling. The aim is to discuss how the global 
performance and failure mode of structural components change due to the local environmental 
induced degradation at material level. 
A two-dimensional macro-modeling approach is used for modeling the masonry. Externally 
bonded FRP is attached to the surface of masonry panels with interface elements to account for the 
interfacial bond behavior. The structural model is initially validated by comparing the numerical 
results with experimental tests on the FRP-strengthened masonry panels. A good agreement is 
found between numerical and experimental results in terms of load-displacement curves and failure 
modes of the panels. 
Once the model is validated against experimental results, the effect of environmental 
degradation on the performance of the strengthened panels is investigated. The procedure adopted is 
presented in Figure 8-1. The degradation data are taken from the experimental results presented and 
discussed in Chapter 5, which are subsequently used for obtaining the material properties at aged 
conditions. These material properties are then used as input for the numerical model to investigate 
the performance of the structure at aged conditions. The results obtained from numerical analysis 
are presented and critically discussed. 
 




Figure 8-1: Procedure followed for modeling the performance of the structure at aged conditions. 
 
8.1 Reference experimental tests 
Reference tests are chosen, among available experimental tests on FRP-strengthened components, 
to serve as a basis for numerical validation. In this regard, the tests performed by Milani et al. [296] 
are used next. 
Milani et al. [296] performed tests on small-scale masonry panels strengthened with CFRP 
strips to investigate the effectiveness of externally bonded reinforcement on the in-plane response 
of masonry walls. The specimens consisted of 9 panels of 290×270 mm
2
 (L×H) named Pan A, Pan 
B and Pan C, and 3 panels of 416×414 mm
2
 (L×H) named PanWin A and Pan Win B with a central 
opening with dimensions of 184×156 mm
2
. The panels were built of small clay bricks with 
dimensions of 56×15 mm
2
 and cement-lime mortar joints. The thickness of the walls was equal to 
30 mm. Panels Pan A, Pan B and Pan C were placed on two steel plates with length of 40 mm 
disposed at the lower edge corners and positioned on steel rollers to allow rotation of the supports, 
see Figure 2-2. Series PanWin A and PanWin B were placed on two steel plates positioned directly 
on a stiff beam, precluding the rotation of the supports in this case.  
Panels Pan A (bare masonry wall) and Pan C (strengthened panel with diagonal strips) are 
selected here for verification of the numerical model and also for investigating the effect of bond 
degradation on the performance of structural components. Geometrical details of the panels are 
shown in Figure 8-2. In Pan C, the reinforcement consists of CFRP strips with 12.5 mm width and 
0.2 mm thickness applied on both sides of the wall. The elastic modulus of FRP strips was 160 GPa.  
 





Figure 8-2: Geometrical details of panels tested by Milani et al. [296]: (a) Pan A; (b) Pan C. 
 
The panels were loaded vertically with the aim of a steel plate with dimensions of 70×30 
mm
2
. The loads were applied by means of a 100 kN load cell and the displacements were measured 
with two LVDTs placed on top of the walls, next to the load cell (on the steel plate used for load 
application). The mechanical parameters of masonry panels obtained based on experimental results 
and theoretical considerations and also were used for numerical modeling in [296, 297] are 
presented in Table 8-1. Here, x is the bed joint direction and y is the head joint direction. 
 
Table 8-1: Masonry mechanical parameters. 
Masonry mechanical parameters     
Elastic modulus along x-direction 
 
Exx (MPa) 1400 
Elastic modulus along y-direction 
 






Gxy (MPa) 370 
   
  
Tensile strength along x-direction 
 
ftx (MPa) 0.8 
Tensile strength along y-direction 
 
fty (MPa) 0.2 
Compressive strength along x-
direction 
 
fcx (MPa) 8.0 
Compressive strength along y-
direction 
 
fcy (MPa) 6.7 
   
  
Fracture energy in tension along x-direction Gftx (N/mm) 0.02 
Fracture energy in tension along y-direction Gfty (N/mm) 0.02 
Fracture energy in compression along x-direction Gfcx (N/mm) 5.0 
Fracture energy in compression along y-direction Gfcy (N/mm) 10.0 
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The experimental load-displacement curves of the panels are presented in Figure 8-3. The 
FRP strips increases about three times the panel strength. Regarding the observed failure mode, Pan 
A (bare masonry panel) failed due to cracking of masonry showing vertical tensile cracks followed 
by a relatively ductile behavior. In case of Pan C (strengthened panel), vertical and diagonal cracks 
were observed in the masonry panel combined with delamination of FRP strips at the lower 
extremes.  
 























Figure 8-3: Experimental behavior of Pan A and Pan C 
 
8.2 Finite element model 
8.2.1 Outline 
A two-dimensional nonlinear Finite Element (FE) model is adopted for modeling the behavior of 
the panels. For the masonry, a macro-modeling strategy is followed using a softening anisotropic 
elasto-plastic continuum model [298]. The FRP strips, which are assumed to have linear elastic 
behavior, are attached to the masonry surface using interface elements. 
The boundary conditions are applied as given in the reference experimental tests. The panels 
are placed on two steel plates which are constrained against vertical displacements at their center 
and which allow rotation of the wall base. A monotonic incremental load is applied on top of the 
wall according to the experimental test setup, see Figure 8-2. 
The analysis is carried out in the FE code DIANA [289]. The adopted mesh includes eight-
node (denoted by CQ16M) and 6-node plane stress elements (denoted by CT12M) to model the 
masonry panel. The FRP strips are modeled, in a simplified way, with truss elements (denoted by 
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LT2RU), and 6-node zero-thickness interface elements (denoted as CL12I) are used for the FRP-
masonry interface. A schematic view of the adopted FE mesh is shown in Figure 8-4.  
The nonlinear analysis is performed by incremental application of the load until specimen 
failure. The arc-length method, combined with the linear stiffness iteration method and an energy 
norm criterion is adopted to solve the resulting system of non-linear equations. 
 
 
Figure 8-4: Adopted FE mesh for PAN A and PAN C. 
 
8.2.2 Material models 
The softening anisotropic elasto-plastic continuum model used for modeling the masonry behavior 
is based on the studies of Lourenço et al. [298]. This model consists of an extension of conventional 
formulations for quasibrittle materials to describe the orthotropic behavior. A Hill-type yield 
criterion in compression and a Rankine-type yield criterion in tension are used as yield functions. 
The nonlinear behavior in compression is characterized by parabolic hardening followed by 
parabolic/exponential softening, while exponential softening is used for tension. A detailed 
explanation of the material model and its theoretical background can be found in [298]. The 
material parameters used for masonry are presented in Table 2-1. Additionally, three factors called 
α, β and γ are required for this material model which are taken equal to 1.73, –1.05 and 1.2 as 
suggested in [297]. Here, α accounts for the contribution of shear stress in tensile failure, β couples 
the normal compressive stresses and γ considers the contribution of shear stress in compressive 
failure. The equivalent plastic strain corresponding to the peak compressive stress is taken as 
0.0008.  
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Isotropic elastic material models are used for FRP strips. For the interface elements, since 
there is no information available regarding the bond behavior between FRP composites and 
masonry panels in the selected experimental tests, the bond parameters are taken from Chapter 6, 
see Figure 7-25, and are calibrated next, see Table 8-2. 
 










No ageing 2 0.03 0.12 0.45 
 
8.2.3 Comparison of experimental and numerical results 
The accuracy of the adopted macro-modeling approach is assessed in this section by comparing the 
obtained numerical results with the experimental results. 
The load-displacement curves obtained from numerical modeling are compared with the 
experimental results in Figure 8-5. The displacements are obtained at the same point of loading 
similar to experimental tests. It can be observed that the numerical model shows a good agreement 
with experimental results for both un-strengthened (Pan A) and strengthened (Pan C) panels. The 
developed plastic strains in the panels at the peak load level are presented in Figure 8-6. Similar to 
experimental results, Pan A has flexural cracks at the bottom while vertical cracks are occurred in 
Pan C at higher load levels. The results show the accuracy of the adopted model in numerical 
modeling and therefore it will be used in the next section to investigate the effect of local bond 
degradation on the global performance of the strengthened panels. 
 





















Figure 8-5: Comparison between numerical and experimental results. 






Figure 8-6: Plastic strains in: (a) Pan A; (b) Pan C. 
 
8.3 Effect of bond degradation on the structure performance 
The effect of bond degradation on the global performance of FRP-strengthened panels is 
investigated in this section. Two hypothetical FRP-strengthened panels with different strengthening 
configurations and ratio, and different types of load application are used to investigate the 
dependency of the results on ageing. 
The panels are first analyzed without considering any degradation to obtain the initial 
response of the structure. The analysis is then repeated with the degraded material properties 
including the bond and FRP mechanical properties. The degradation data are taken from accelerated 
ageing results (presented in Chapter 5) at 225 cycles of HT1 (temperature cycles of +10°C to +50°C 
with 90% constant relative humidity), HT2 (temperature cycles of +10°C to +50°C with 60% 
constant relative humidity) and FT exposures (temperature cycles of –10°C to +50°C with 90% 
constant relative humidity). 225 cycles is selected at the end of exposure HT1 to avoid extrapolation 
of the degradation data. Since no degradation was observed in the mechanical properties of bricks, 
this material is assumed intact after degradation. The changes in the global performance of the 
panels and a detailed discussion of the obtained results are presented next. 
 
8.3.1 Strengthened panels 
The first hypothetical panel considered, Pan C1, is similar to Pan C, see Figure 8-2 with the 
exception of the FRP material used for strengthening. Here, a GFRP composite is used for 
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strengthening of the panels with elastic modulus of 80 GPa and equivalent thickness of 0.48 mm. 
GFRP is selected due to the fact that the degradation data produced in experimental studies of this 
thesis are for the bond degradation between this composite material and bricks.  
The second hypothetical panel, called Pan D, has the same dimensions as Pan C (290×270 
mm
2
) with different strengthening configuration and loading conditions, see Figure 8-7. The 
strengthening in this panel includes two vertical GFRP strips attached to the masonry surface neat 
the panel edges. The panel is loaded horizontally through a steel plate placed on top of the wall. At 
its bottom, the panel is completely constrained against horizontal and vertical displacements. The 
material properties used for masonry behavior in both panels are the same as presented in Table 8-1.  
In both panels, FRP strips with widths of 6 mm, 12.5 mm and 25 mm are used to investigate 
the effect of FRP axial stiffness on the performance of the panels. The numerical load-displacement 
curves of the panels before and after strengthening (with different FRP widths) are presented in 
Figure 8-8. The behavior of Pan C1 remains unchanged from the tested specimen. Before 
strengthening, Pan D has a cantilever behavior with a low peak strength and flexural rocking failure 
mode. The tensile plastic strains at the bottom of the wall indicate the occurrence of this failure 
mode, see Figure 8-9 (a). After strengthening, the peak strength of the wall increases, cracking and 
the associated loss of stiffness is delayed, and the failure mode changes to diagonal tensile cracking. 
As an example, the distribution of tensile plastic strains at the peak load in the model with 12.5 mm 
FRP width is shown in Figure 8-9 (b). The observed diagonal compression chord shows the change 











Figure 8-7: Geometrical details of Pan D. 
 



























































Figure 8-8: Load-displacement curves of panels before and after strengthening: (a) Pan C; 




Figure 8-9: Tensile plastic strains in Pan D: (a) bare panel; (b) strengthened panel. 
 
8.3.2 Materials degradation 
The degraded material properties including bond and FRP mechanical characteristics are used in the 
numerical model for modeling the structure at aged conditions. The reduction factors and the 
degraded material properties after 225 cycles of HT1, HT2 and FT exposures, taken from Chapter 5, 
are presented in Table 8-3. Here, it is noted that only the value of the fracture energy of the bond is 
shown, even if the bond peak load is also reduced according to the tests. As the bond peak load is 
related to bond fracture energy and FRP axial stiffness, its degradation is automatically considered 
in the model. 
200 | Durability analysis of bond between composite materials and masonry substrates 
 
 
For the FRP, the degraded elastic modulus is used as the input of the numerical model, while 
the tensile failure of the strips is controlled at the end of the analysis by comparing the numerical 
stresses in the FRP strips with the degraded tensile strength values given in Table 8-3 for each 
exposure condition. 
 
Table 8-3: Material degradation after 225 cycles of all exposures. 
Exposure 
Bond properties FRP properties 










No ageing 0% 0.54 0% 80 0% 1250 
HT1 -60% 0.22 -23% 62 -22% 975 
HT2 -25% 0.41 -9% 73 -13% 1088 
FT 0% 0.54 -14% 69 -7% 1163 
 
For the bond behavior, the tri-linear bond-slip law proposed in Chapter 6 and calibrated in 
sec. 8.4.3 is used. A simple degradation model is assumed for the bond-slip law to consider the 
bond environmental degradation, see Figure 8-10. Based on this model, the bond strength and 
inelastic stiffness decrease according to the degradation in the bond fracture energy, while the other 
slip parameters remain constant. The changes in the bond-slip law according to the fracture energy 
degradation data are presented in Table 8-4. 
 
 
Figure 8-10: Degradation model for the bond-slip law. 
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No ageing 2 0.03 0.15 0.45 
HT1 0.8 0.03 0.15 0.45 
HT2 1.5 0.03 0.15 0.45 
FT 2 0.03 0.15 0.45 
 
8.3.3 Analysis results 
The force-displacement curves of panels type Pan C1 before and after ageing in exposures HT1 and 
HT2 are shown in Figure 8-11. Exposure FT did not induce any changes in the specimens and 
therefore the force-displacement curves are not presented here. This was expected as the only 
influence of exposure FT was 14% reduction of FRP elastic modulus. In general, the peak load and 
stiffness of the specimens show a negligible change after exposure to HT2 conditions, while 
exposure HT1 induced more reduction of the peak load and post cracking behavior. It seems that 
the axial stiffness and strength of FRP affect the reduction level as more reduction is observed in 
the peak load of the specimens with 6 mm width FRP, see Figure 8-11 (a). This seems acceptable 
and indicates that the amount of FRP was excessive in terms of wall capacity, i.e. for larger widths 
failure is mostly controlled by the masonry.  
The changes in the peak load of the panels as well as the failure mode are tabulated in Table 
8-5 for all the exposure conditions. 26%, 6% and 4% reduction of the peak load is observed in the 
specimens aged in HT1 conditions with FRP widths of 6 mm, 12.5 mm and 25 mm, respectively. 
The local bond degradation has therefore a major effect when smaller FRP widths are used, which 
is expected in real applications as FRP as the amount of FRP should be optimized (note that panel 
failure load increases only about 10% when the FRP width is doubled from 12.5 mm to 25 mm). 
The failure of the panels is generally tensile cracking of masonry, although a change of failure 
mode to FRP delaminations after ageing is observed in some panels, see Table 8-5. 
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(c) 
Figure 8-11: Force-displacement behavior of Pan C before and after ageing: (a) FRPw=6 mm; 
(b) FRPw=12.5 mm; (c) FRPw=25 mm. 
 













No ageing 12.4 - FRP tensile rupture N 
HT1 9.2 25.8 Masonry tensile cracking Y 
HT2 11.6 6.5 FRP tensile rupture N 
FT 12.4 0.0 FRP tensile rupture N 
12.5 
No ageing 17.2 - Masonry tensile cracking Y 
HT1 16.2 5.8 FRP tensile rupture Y 
HT2 17.1 0.6 Masonry tensile cracking Y 
FT 17.1 0.6 Masonry tensile cracking Y 
25 
No ageing 19.0 - Masonry tensile cracking Y 
HT1 18.2 4.2 Masonry tensile cracking N 
HT2 18.6 2.1 Masonry tensile cracking Y 
FT 19.00 0.0 Masonry tensile cracking Y 
 
Regarding panels type Pan D, again the effect of exposure FT was negligible on the peak 
loads and load-displacement curves of the panel. The force-displacement curves of the panels 
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before and after ageing in exposures HT1 and HT2 are shown in Figure 8-12. In general, the peak 
load and stiffness of the specimens show a negligible change after exposure to HT2 conditions, 
while exposure HT1 induced more reduction of the peak load and post cracking behavior. The FRP 
width has an opposite effect on the reduction level comparing to Pan C1 panels, which is partly 
unexpected (note that here the panel failure load is more sensitive to the amount of FRP used, an 
increase about 25% is found when the FRP width is doubled from 12.5 mm to 25 mm). In this case, 
larger reductions are observed in the peak load of the specimens with 12.5 mm and 25 mm FRP 
widths, see Figure 8-11 (a), which is due to the different loading and active failure mechanisms. 
The changes in the peak load of the panels as well as in the failure mode are tabulated in 
Table 8-6 for all the exposure conditions. 16%, 19% and 22% reduction of peak load is observed in 
the specimens aged in HT1 conditions with FRP widths of 6 mm, 12.5 mm and 25 mm, 
respectively, which shows that the response is not so different. No change of failure mode is 
observed in the specimens with 6 mm FRP width after ageing. However in the specimens with 
12.5 mm and 25 mm FRP widths, the failure mode has changed after ageing in HT1 exposure. 
Small FRP delaminations are observed in all the panels as tabulated in Table 8-5. 
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(c) 
Figure 8-12: Force-displacement behavior of Pan D before and after ageing: (a) FRPw=6 mm; 
(a) FRPw=12.5 mm; (a) FRPw=25 mm. 

















No ageing 1.30 - Rocking Y 
HT1 1.05 16.0 Rocking Y 
HT2 1.20 4.0 Rocking Y 
FT 1.25 0.0 Rocking Y 
12.5 
No ageing 1.60 - Diagonal tension cracking Y 
HT1 1.30 18.8 Diagonal tension/ rocking Y 
HT2 1.55 3.1 Diagonal tension cracking Y 
FT 1.60 0.0 Diagonal tension cracking Y 
25 
No ageing 2.00 - Diagonal tension cracking Y 
HT1 1.55 22.5 Diagonal tension/ rocking Y 
HT2 1.95 2.5 Diagonal tension cracking Y 
FT 2.00 0.0 Diagonal tension cracking Y 
 
In general, the results show that the local bond degradation might affect significantly the 
global structural performance, depending on the geometry of the strengthening, the details of the 
structural components and the loading conditions. The peak load, the post cracking stiffness and the 
failure mode may change due to environmental conditions. It is also observed that the reduction 
levels may depend on the axial stiffness of the reinforcement. 
 
8.4 Conclusions 
The effect of local bond degradation on the global performance of strengthened masonry panels was 
numerically investigated in this chapter.  
Two hypothetical GFRP-strengthened masonry panels with different strengthening details 
and load applications (vertical and horizontal) were selected for this purpose. A two-dimensional 
FE model, with plane stress elements adopted for masonry and truss elements for FRP connected 
with interface elements to the masonry surface, was used for modeling FRP-strengthened masonry 
panels.  
The model was initially validated by comparing the numerical results with experimental 
results. Once the model was validated, the panels were analyzed with degraded material properties 
and bond characteristics. The degradation data was extracted from accelerated ageing tests, 
performed in this thesis and presented in Chapter 5, at 225 cycles of all environmental conditions. 
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The changes in the global performance of the strengthened panels after ageing were investigated in 
terms of force-displacement curves and failure mode. 
Different degradation levels in the global performance of the panels with different 
strengthening details were observed. The most severe degradation level occurred due to exposure 
HT1 (temperature cycles of +10°C to +50°C with 90% constant relative humidity) representing 
environments with high relative humidity conditions. In some cases a change of failure mode due to 
degradation was also found. It was observed that the axial stiffness of FRP may also affect the 
degradation level in the peak loads. 
The results are a first step towards investigating the effect of local materials degradation on 
the global performance of strengthened masonry structures. Modeling other strengthened panels and 
structures with different geometrical and strengthening details within three-dimensional FE models 
is necessary for better understanding the key factors and proposing a durability-based design 
framework. But this requires sound provisional models and more extensive results on bond 
durability. 
 















9 Conclusions and future work 
Externally bonded reinforcement of masonry structures with composite materials has received 
extensive attention in the last years. However, issues related to durability and long-term 
performance of strengthened components and the bond between the composite material and the 
masonry substrate, as a key mechanism, are still unknown. The main objective of this thesis was 
thus to investigate the durability of bond in FRP-strengthened masonry systems. The work 
consisted of experimental, analytical and numerical investigations. Advanced non-destructive and 
full field measurement techniques for bond quality and degradation assessment were also adopted in 
this study. 
 
9.1 Research outline 
Accelerated ageing tests at the material and interfacial bond level were performed and the 
degradation mechanisms due to different environmental conditions were investigated. The tests 
included water immersion tests and hygrothermal exposure conditions. For the hygrothermal 
conditions three different exposures were considered namely HT1 (temperature cycles of +10°C to 
+50°C with 60% constant relative humidity), HT2 (temperature cycles of +10°C to +50°C with 
90% constant relative humidity) and FT (temperature cycles of –10°C to +30°C with 90% constant 
relative humidity). Analytical degradation models were also used for simulating the observed 
degradation mechanisms. Time-dependent (cycle-dependent) material properties and a bond 
constitutive model were obtained from the experimental tests which were used as the input for the 
numerical modeling. Moreover, the results provided a large degradation database for brick, glass 
fibers, epoxy resin and the bond between GFRP and brick units which can be used as a baseline for 
further studies.  
Digital image correlation (DIC), acoustic emission (AE) and IR thermography techniques 
were used for bond quality and degradation assessment. Digital image correlation was used during 
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the debonding tests for full field measurement of surface strains which allowed better understanding 
of the debonding phenomenon, three-dimensional nature of the bond behavior and characterization 
of the bond mechanisms. Acoustic emission technique was also used during the debonding tests. 
The technique allowed characterization of debonding initiation and fracture mode, estimation of the 
failure mode, and assessment of FRP slip. Infrared thermography technique was used for detection 
and measurement of the size of FRP delaminations and defects that occurred due to environmental 
exposures. 
For the numerical modeling, the short-term bond behavior was initially modeled and fully 
investigated. Different modeling approaches, meso-scale and macro-modeling, were adopted. The 
models were validated with available experimental data, and from the obtained results, a suitable 
constitutive model for bond behavior in FRP-masonry systems was proposed. Moreover, the effect 
of issues such as FRP width, mortar joints and three-dimensional aspects of the bond behavior were 
investigated. A combination of the proposed bond-slip model and degradation models provided a 
time-dependent (cycle-dependent) bond model for different environmental conditions. This model 




9.2.1 Experimental work 
Water immersion leads to a reduction of mechanical properties of epoxy resin, composite material 
and bricks. It is worth noting that the rate and extent of this degradation is dependent on the 
chemical characteristics of materials and may be different in other cases. For the bond behavior, 
degradation in pull-off and shear bond strength was observed with immersion time. The pull-off 
strength of the specimens decreased significantly (about 60%) after 24 weeks of immersion. 
However, the results obtained from the pull-off tests were not completely consistent with the shear 
bond tests, where a different degradation trend was observed. The failure mode remained cohesive 
during the tests but the fracture surface moved from the brick to the brick/primer interface. Shear 
bond tests showed that the ductility of the bond behavior increases with immersion time in the 
tested specimens. The bond strength and stiffness were observed to decrease, while the peak slip 
increased. It was observed that the degradation in the bond strength and stiffness diminishes with 
time and possibly a residual value is obtained after a certain immersion time. However, performing 
water immersion tests for longer periods is necessary for having a clear idea about the degradation 
trend upon time. A similar degradation was also observed in interfacial fracture energy. The failure 
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mode was cohesive in all the specimens, with the fracture surface inside the brick. However, the 
fracture surface moved towards the brick/primer interface with time. Available predictive models 
were used for modeling the observed degradation in the material properties and bond behavior. It 
was observed that the moisture dependent and exponential degradation models predict the 
degradation in mechanical properties of epoxy resin and GFRP with a reasonable accuracy, and 
therefore it was proposed to use them for simulations. A degradation model was also proposed for 
simulating the bond degradation evolution with environmental changes. 
Accelerated hygrothermal ageing tests were performed following three different 
hygrothermal conditions consisting of thermal cycles from  1    to       (    R. .  called  T1 
exposure,  1    to       (    R. .  called  T  exposure, and –1    to      C (90% R.H.) called 
FT exposure. The HT1 exposure was used for simulating the thermal variations in wet 
environments, while HT2 simulated relatively dry conditions. Finally, exposure FT was used to 
simulate freeze-thaw actions in cold regions. The hygrothermal exposures did not affect the 
mechanical properties of bricks. However, epoxy resin and GFRP coupons showed some 
degradation. Generally, higher degradation levels were observed when exposing the specimens to 
HT1 conditions. FRP delamination was observed at the FRP/brick interface after exposure to 
environmental conditions. The delamination, being due to the thermal incompatibility between 
brick and adhesive, was progressively increased with the number of cycles. Moreover, significantly 
larger FRP delaminations with higher growth rates were observed in the specimens exposed to HT1 
conditions. This was attributed to the effect of moisture on the debonding growth behavior and 
adhesive fracture properties. A progressive degradation of bond strength and fracture energy was 
observed in the specimens in all exposure types. However, the degradation in the specimens 
exposed to HT2 and FT conditions was very small in contrary to the large reductions observed in 
the specimens exposed to HT1 conditions. Analytical predictive models were finally used for 
modeling the degradation in the material properties and bond behavior. 
The Digital Image Correlation (DIC) technique was used for obtaining the full-field 
distribution of strains and displacements in tensile tests and single-lap shear debonding tests. The 
evolution of strains during the shear debonding tests was measured and the results showed different 
longitudinal strain distributions along the bonded length at the FRP middle and edge sections. 
Moreover, large transversal strains were observed near the loaded end close to failure of the 
specimens, further confirming the three-dimensional nature of the bond behavior. 
The Acoustic Emission (AE) technique was used during the debonding tests to detect and 
characterize fracture and crack propagation during the debonding of composite materials from 
masonry bricks. The results showed that AE outputs can be efficiently used for investigation and 
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interpretation of the fracture process during debonding. AE data, and more specifically the detected 
AE energy, was applied to characterize the different failure modes. A correlation was observed 
between the fracture energy and total emitted AE energy. Moreover, a close correlation was found 
between the FRP global slip and the cumulative AE energy, which can be applied for slip prediction 
and modeling purposes. The effect of failure mode on the AE outputs was significant. 
The active IR thermography technique was used for assessing the bond quality and 
degradation due to environmental conditions. For this purpose, a quantitative IR thermography 
method was adopted for evaluating the delamination in FRP-strengthened masonry elements. The 
applicability of this method for detecting FRP delamination in GFRP-strengthened masonry 
elements was initially validated using specimens with interfacial embedded defects of different 
sizes. The IR thermography results showed that the adopted method detects defects with a minimum 
size of 10 mm with a reasonable accuracy in quantifying the size. The effect of environmental 
conditions on the bond quality was subsequently investigated by exposing GFRP-strengthened 
masonry bricks to HT1 and FT hygrothermal conditions. Progressive FRP delaminations were 
detected with the IR technique after exposure to environmental conditions. The size of delaminated 
areas was also evaluated quantitatively with the adopted method. 
 
9.2.2 Numerical modeling 
Finite element analysis was used for modeling the bond behavior between FRP and masonry and 
also for simulating the global performance of FRP-strengthened components. Modeling the bond 
behavior was conducted at two different scales. Firstly, a fully three-dimensional nonlinear model 
was adopted, in which FRP, epoxy and the brick substrate were modeled separately. Different 
smeared cracking models and mesh sizes were used and it was found that the rotating smeared crack 
model is the most suitable for predicting the debonding phenomenon with regard to the reference 
experimental tests. It was shown that failure surfaces and crack propagation have a three-
dimensional nature. In particular, the interfacial stress distributions were different along the FRP 
width and transverse strains were found at the loaded end. The effect of mortar joints on the global 
and local response of the strengthened elements was also investigated. It was observed that a poor 
quality mortar may lead to a significant reduction of the bond strength. This effect reduces with 
decreasing FRP axial stiffness. It was also shown that a solution to regain the original bond strength 
is to increase the effective bond length in the presence of poor quality mortar. Secondly, a simple 
two-dimensional plan stress model, in which the bond behavior is presented with interface 
elements, was adopted. Based on the available experimental results a simple tri-linear bond-slip 
model was proposed in this study to be used for the interface elements. The proposed bond-slip 
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model was validated by comparing the experimental and numerical results. A comparison was also 
performed between the proposed bond-slip model and the one proposed by the Italian design code 
CNR DT200 [1], and relevant aspects for design procedures were discussed. 
Afterwards, the effect of degradation of bond and materials mechanical properties on the 
global performance of strengthened masonry panels was numerically investigated. Two GFRP-
strengthened masonry panels with different strengthening details and load application schemes were 
selected for this purpose. A two-dimensional FE model, with plane stress elements adopted for 
masonry and truss elements for FRP connected with interface elements to the masonry surface, was 
used for modeling FRP-strengthened masonry panels. The model was initially validated by 
comparing the numerical results with experimental results. Once the model was validated, the 
panels were analyzed with degraded material properties and bond characteristics ,extracted from the 
accelerated ageing tests. The changes in the global performance of the strengthened panels after 
ageing were investigated in terms of force-displacement curves and failure mode. Diverse 
degradation levels in the global performance of the panels with different strengthening details were 
observed. The largest degradation level occurred due to exposure HT1 representing environments 
with high relative humidity conditions. In some cases a change of failure mode due to degradation 
was also observed. It was observed that the axial stiffness of FRP also affects the degradation level 
in the peak loads. 
 
9.3 Future work 
Since the available information on durability of FRP-strengthened masonry is scarce, there are 
several critical gaps that have to be further studied. Some of the important tasks to be followed are 
presented next. 
Regarding the experimental tests, full characterization of hygro-thermo-mechanical 
properties of bricks, mortars and commercial epoxy resins and fibers are necessary. This can assist 
in understanding the degradation mechanisms involved in durability tests, compatible and consistent 
strengthening designs, and also for numerical modeling approaches involving multi-physics and 
multi-scale levels.  
Durability tests concerning other exposures are also of special importance. Considering 
degradation agents such as salt or alkaline environment are also required. Regarding the 
hygrothermal exposures, the tests performed in this study can serve as a reference for new exposure 
conditions. The main parameters to be studied can be the level of relative humidity, cycle rates, 
longer exposure periods in case of HT1 and FT exposures, and temperature level. Water immersion 
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tests can be performed also using different temperatures. Combination of environmental conditions 
with sustained loads can also produce a significant outcome. Performing real exposure tests in 
different environmental regions and conditions (outdoor and indoor) are also of great importance 
for establishing reliable links between accelerated and real exposure conditions. 
Regarding the bond characterization, in addition to shear debonding tests, performing pull-
off tests can be very helpful in characterization of bond degradation under mixed-mode debonding. 
Regarding advanced measurement techniques, investigating the debonding phenomenon under 
mixed-mode debonding and creep tests with the aim of DIC are suggested. Investigating issues such 
as the effect of FRP width, bonded length and surface preparation on the debonding can also be 
carried out with this technique. Performing comprehensive experimental tests on the use of AE 
technique during the debonding tests are required for obtaining reliable correlation between 
debonding parameters such as fracture energy and failure mode, and acoustic emission outputs. The 
development of refined detection techniques (such as fiber optics) for detecting the acoustic data 
can be a large step forward on using this technique for onsite structural health monitoring purposes. 
Finally, it is relevant to develop suitable NDT techniques for subjects such as bond strength 
assessment, for far field structures and for cases in which the surface of the composite material is 
not in direct access.  
Regarding the numerical modeling, three-dimensional FE analysis of FRP-strengthened 
structural elements is still a challenge. The development of a framework for hygro-thermo-
mechanical analysis of multilayer structures considering the effect of interfaces is also required. 
Advanced constitutive and damage models for modeling the bond degradation considering chemo-
thermo-physical reactions is needed for such a framework. Hygrothermal modeling of FRP bonded 
components and investigating the effect of issues such as boundary conditions, real exposure 
conditions, hygrothermal material properties and size effect on the hygrothermal interfacial stresses 
and mechanical response of strengthened component is also interesting. Moreover, investigating the 
effect of local bond degradation, as well as local FRP delaminations and defects, on strengthened 
structures with different geometrical details and loading conditions is of critical importance for 
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